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ABSTRACT 
A CuI fully fluorinated O-donor monodentate alkoxide complex, K[Cu(OC4F9)2] (1), 
was previously shown to form a trinuclear copper–dioxygen species with a {Cu3(3-O)2} 
core, TOC4F9, upon reactivity with O2 at low temperature. A significantly expanded kinetic 
and mechanistic study of TOC4F9 formation is reported using stopped-flow spectroscopy. 
The TOC4F9 complex performed catalytic oxidase conversion of para-hydroquinone (H2Q) 
to para-benzoquinone (BQ) and hydroxylation of 2,4-di-tert-butylphenolate (DBP) to 
catecholate, making TOC4F9 the first tri-copper species to perform tyrosinase (both 
monooxygenase and oxidase) chemistry.  
As opposed to 1, when K+ is fully encapsulated in {K(18C6)}[Cu(OC4F9)2] (4), O2 was 
not reduced under identical conditions. To study the effects of both alkali cation and the 
degree of encapsulation on reduction of O2, derivative complexes were synthesized with 
Na+ (16), {Na(DME)}+ (17), {Na(15C5)}+ (18), {K(15C5)}+ (19), {K(15C5)2}
+ (20), Cs+ 
(21), {Cs(18C6)}+ (22), and {Cs(18C6)2}
+ (23). Reduction of O2 was found to be 
 x 
encapsulation-dependent, and cation size was also determined to affect the chromophore 
observed. These results suggest that cation…F/O interactions between the CuI complexes 
assemble aggregates that are required to form reactive {Cun−O2} species. However, 
catalytic oxidation of H2Q to BQ and sub-stoichiometric oxidation of DBP to catecholate 
occurred regardless of whether a {Cun−O2} intermediate was detected, suggesting that a 
reactive species may self-assemble in the presence of substrate in all complex derivatives 
unable to reduce O2.  
A series of heteroleptic mixed phosphine/alkoxide 3d complexes was designed to 
evaluate PPh3 as a protecting group. Complexes of the form [(Ph3P)2M(OC4F9)2] (M= Fe 
(24), Co (25), Ni (26), Zn (27)) and [(Ph3P)2M(pin
F)] (M= Co (31), Ni (32), Zn (33)) were 
prepared and characterized, along with related complexes with non-reactive L-donors for 
comparison, [(DME)Fe(OC4F9)2] (28) and [(Ph3PO)2M(OC4F9)2] (M= Fe (29), Ni (30)). 
Dimeric [Fe2(-O)(OPPh3)2(OC4F9)4] (36) was isolated after O2 reactivity with 24, and 28 
and 29 were able to generate intermediate species capable of both oxidation of H2Q to BQ 
and oxygen atom transfer of thioanisole to methyl phenyl sulfoxide. The choice of 
fluorinated ligand influences O2 reactivity with Co
II (25, 31), but not for NiII (26, 32). 
Related dimeric compounds [Co2(pin
F)2(THF)4)] (34) and [Zn2(pin
F)2(THF)2)] (35) were 
also isolated. 
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CHAPTER 1: CuI−O2 Oxidation Reactions in a Fluorinated All-O-Donor Ligand 
Environment 
 
1.1. Introduction 
Catalytic oxidation reactions are fundamental processes on earth − both in biology and 
in synthetic chemical conversions. A detailed understanding of their properties and 
iterative improvements in performance are important goals for fundamental and applied 
reasons. In Nature, these reactions are facilitated by enzymes, primarily with Fe or Cu 
present in the active site. Oxidation reactions can be classified as either oxidase, 
monooxygenase, or dioxygenase-like, as shown in Scheme 1.1. In oxidase reactions, the 
substrate is oxidized without the introduction of atoms from O2, which are reduced to form 
H2O. In monooxygenase and dioxygenase reactions, one or two O atoms from O2, 
respectively, are incorporated into the substrate.  
In designing new oxidants, enzymes such as ascorbate oxidase, particulate methane 
monooxygenase (pMMO), dually reactive tyrosinase,1 quercetin 2,3-dioxygenase2 and 
others have served as inspirations because these enzymes catalyze desirable 
transformations under ambient conditions (Scheme 1.1).3, 4 In particular, tyrosinase 
reactivity has been widely studied via model complexes and is an ongoing area of interest.5-
12 A common trait in this enzyme group is a Cu active site that activates O2 to effect 
intermolecular oxidation reactions.3 Of additional interest is C−H bond functionalization, 
such as the highly-desired, controlled oxidation of CH4 to CH3OH by pMMO. To better 
understand these transformations in Cu enzymes, a large array of CuI model complexes 
2 
 
 
that reduce O2 has been prepared to explore both formation of reactive {Cun−O2} 
intermediates performing (sub)stoichiometric and/or catalytic substrate oxidation of certain 
substrates, such as oxidation of catechols to quinones, and C−H oxidation of phenols to 
catechols and 9,10-dihydroanthracene (DHA) to anthracene.13-16 The coordination spheres 
of these model complexes are dominated by N-donor ligands due to the prominence of 
imidazole donors in enzymes and their ease of synthetic modifications. While investigation 
of these complexes has led to an increasingly sophisticated understanding of how ligand 
environments influence intermediate formation and reactivity, none of these models 
perform usefully on an industrial scale.  
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Scheme 1.1. Oxidation processes catalyzed by representative enzymes. 
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1.2. Designing Molecular Oxidants Based on C−H Oxidation by Cu/O Zeolites 
 
Zeolites have shown considerable promise as industrial oxidation catalysts, having 
been used as catalysts by petrochemical companies since the mid-20th century.17 Zeolites 
are naturally occurring porous materials, but also can be synthesized in a research setting, 
with the first synthetic zeolite reported in 1862.18 Rather than N-donor ligands, all zeolites 
bear anionic aluminosilicate O-donor frameworks, as shown in Scheme 1.2, and can be 
loaded with a variety of metal cations. By tuning zeolite properties, these materials can be 
adapted to a number of industrial refining processes, finding particular success as a fluid 
catalytic cracking (FCC) catalyst, which primarily produces gasoline from crude oils.19 
Zeolites have also been examined for other reactions. Two of the most studied zeolites for 
oxidation reactions are Zeolite Socony Mobil-5 (ZSM-5) and mordenite (MOR). Both 
frameworks have similar Cu coordination environments that are proposed sites for reaction 
with O2, with nearly identical structural properties.
17, 20 
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Scheme 1.2. Generic zeolite pore with anionic aluminosilicate framework and examples 
of metal cations. 
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Notably, as in biology, activated zeolites with Fe or Cu have been shown to 
catalytically oxidize substrates, including the most difficult one, CH4, first achieved by 
Fe/O ZSM-5,21 and later by Cu/O ZSM-5.22 While Fe/O ZSM-5 is a stronger oxidant of 
CH4 compared to Cu/O ZSM-5 and able to operate at room temperature and pressure, Fe/O 
ZSM-5 requires N2O for activation, whereas Cu/O ZSM-5 can be activated by either N2O 
or O2, making it more fit for industrial application.
17 Additionally, Cu/O ZSM-5 requires a 
modest temperature of 150 °C to activate CH4, has a selective conversion to CH3OH greater 
than 98%,22 and has well-understood active site(s).17, 20, 23, 24 In Cu/O ZSM-5, the 
mechanism of formation of the active site was described based on spectroscopy and 
complementary electronic structure calculations. As shown in Scheme 1.3, each Cu site 
has bidentate coordination in the O-donor framework, and when exposed to O2, is thought 
to form a µ-ƞ2:ƞ2 peroxo-bridged dicopper intermediate, which is proposed to rearrange to 
a [Cu2O]
2+ species.23, 24 Similarly, Cu-MOR also catalyzes CH4 to CH3OH oxidation, 
bearing two related [Cu2O]
2+ active sites with the same core structure.20 More recently, 
Cu/O zeolites that oxidize CH4 with [Cu3O3]
2+ have been investigated in ZSM-5 and 
MOR.25-27 Further details on Cu zeolite active site discovery and subsequent CH4 oxidation 
are discussed in Chapter 2. 
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Scheme 1.3. Proposed reactive species in Cu/O zeolites ZSM-5 and MOR, based on Chem. 
Rev. 2018, 118, 2718, Nat. Comm. 2015, 6, 7546, and J. Catal. 2016, 338, 305. 
Representations of 2:1 Cu:O ratios (top) and 3:3 Cu:O (bottom) are depicted. 
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To develop molecular oxidants based on zeolite active sites, the use of O-donor ligands 
is necessary. Hydrogenated O-donor ligands are challenging to work with, primarily due 
to oxidative ligand degradation, but also due to high pKa values, which increase the degree 
of bridging and possible oligomerization that leads to reduced open coordination sites.28 
Additionally, high complex spin states are characteristic of systems that perform oxidation 
chemistry, including high-spin CoII,29 high spin FeIII,30 and intermediate spin RuIV.31  
Fluoride is known to promote high oxidation states when bound to metal centers 
including [CuIVF6]
2-, [CoIVF6]
2-, [RhVIF6], and [Re
VIIF7].
32 When ligands are highly 
fluorinated, their pKa values are generally decreased, as shown in Scheme 1.4, due to 
increased stabilization of the conjugate base due to fluorination.33 Carbon-fluorine bonds 
are also robust to most oxidation conditions, making perfluorinated ligands well-suited for 
catalytic reactivity with O2. Consequently, the decreased basicity of fluorinated ligands 
lowers their propensity to bridge metal centers under analogous conditions.34, 35 In 
fluorinated alkoxide complexes, fluorine centers can often interact reversibly with Lewis 
acidic alkali metal cations, lending to greater crystal packing and affecting complex 
geometry.36-42 
Our research group has successfully demonstrated the combined characteristics of 
fluorination and O-donor ligands, including stabilizing complexes with high formal 
oxidation states43, 44 as well as high spin states.45, 46 For example, an unusual monomeric 
organocuprate complex with CuIII, {K(18C6)}[CuIII(OC(C6H4)(CF3)2)2], was found to be 
stable at room temperature, with the partially fluorinated α-cumyl alkoxide ligand 
backbone.43 Several five-coordinate FeIII homoleptic fluorinated aryloxides were 
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synthesized, showing versatility among ligand variation.47 High-spin square-planar 
behavior has been demonstrated with [FeII(pinF)2]
2- and [CoII(pinF)2]
2-, with the 
perfluoropinacolate (pinF) ligand, shown in Scheme 1.4.45 Most recently, a square-planar 
[CoIII(pinF)2]
- complex was isolated, with an intermediate S = 1 spin state and exceptionally 
large zero-field splitting.44 These observations further suggest that O-donor fluorinated 
ligands are capable of stabilizing a reactive intermediate, with a high oxidation state, able 
to perform intermolecular substrate oxidation. 
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Scheme 1.4. Decreasing alcohol pKa values with increasing fluorine content.  
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1.3. Fluorinated Alkoxide Complexes 
 
 
Scheme 1.5. Selection of O-donor fluorinated complexes synthesized by our research 
group. 
 
There now exists a large number of complexes with fluorinated alkoxide ligands, and 
some representative complexes can be seen in Scheme 1.5. These include primarily 
mononuclear, homoleptic aryloxide and alkoxide 3d metal complexes. For example, four-
coordinate monodentate high spin complexes with either OC6F5 or 3,5-OC6H3(CF3)2 ligand 
environments were synthesized with FeII,47 CoII,34 NiII,48 CuII,34 and ZnII,49 as well as a four-
coordinate dimeric FeII complex with a bridging oxo unit.47 The perfluoro-tert-butoxide 
(OC4F9) ligand was also employed, supporting unusual three-coordinate complexes with 
FeII, CoII, and CuII.50 Low coordination numbers in transition metal complexes are more 
susceptible to small molecule activation, such as reduction of O2. A series of homoleptic 
ZnII complexes was also prepared with fluorinated aryloxides and the α-cumyl alkoxide, 
OCPhMeF2, with the coordination number of Zn dependent on ligand steric bulk.
49 Several 
dimeric species have been prepared with 3d metals as well.34, 47, 49 The bidentate pinF ligand 
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has been used to prepare several room-temperature and air stable complexes. Divalent 
complexes with the form [M(pinF)2]
2- were initially reported by C.J. Willis and co-workers 
with M = Mn, Ni, Cu and Zn, but these species were characterized only by elemental 
analysis and magnetic susceptibility.51 Our group characterized these species more 
thoroughly and prepared several new complexes as well.44-46 Specifically, the ability of the 
pinF ligand to support high oxidation states is shown electrochemically in which reversible 
NiIII/NiII and CuIII/CuII couples and quasi-reversible FeIII/FeII and CoIII/CoII couples have 
been identified.46 
We have since applied our unique ligand systems to investigate the efficacy of all-O-
donor molecular systems in intermolecular oxidation. As mentioned above, investigations 
in this area have been dominated by N-donor ligands,13-15 structurally, spectroscopically, 
and (sometimes) functionally mimicking metalloenzyme active sites from nature and 
leading to a greater understanding of their mechanisms. To date, however, none of these 
model systems have been adapted commercially, as the high efficiency of enzymes has not 
been duplicated in these systems. As enzymes require certain environmental conditions to 
function, these would not be adaptable to industrial application, unable to tolerate industrial 
conditions (elevated temperatures, pressures, and use of solvents).17 Zeolites have the 
benefit of working at higher temperatures and pressures, a pathway not accessible to 
Nature. The ability of O-donor zeolites to catalyze conversion of CH4 to CH3OH highlights 
the necessity of a deeper exploration of O-donor CuI complexes and their reactivity with 
O2. While there are some examples of mixed N/O-donor scaffolds,
52-62 our work constitutes 
13 
 
 
the only fully O-donor ligand environment in homogeneous molecular {Cun−O2} 
chemistry. 
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1.4 CuI Complexes with O-donor Ligands 
CuI O-donor fluorinated complexes were synthesized in an anoxic, anhydrous 
environment. To date, there are three different complex families, based on ligand 
components and resulting geometries, as shown in Scheme 1.6: (i) the linear CuI bis-
alkoxide complexes, [Cu(OR)2]
- (OR defined as OC4F9 (1, 4, 7), OCPhMe
F
2 (2, 5), 
OCMeMeF2 (3, 6)),
63 (ii) the dimeric [(Ph3P)Cu(2-OR)2Cu(PPh3)] (OR defined as OC6F5 
(8), OC4F9 (9), OCPhMe
F
2 (10)),
64 with formation of [(cy3P)Cu(OC4F9)] (11) in the 
presence of a bulkier phosphine,64 and (iii) the three coordinate [(R3P)Cu(pin
F)]- (PR3 
defined as PPh3,
 Pcy3) (12 - 15).
65 All are synthesized in a similar fashion, shown in Scheme 
1.6, first using alcoholysis with copper(I) mesityl, {CuI(mes)}n,66, 67 followed by the 
addition of alkoxide salts and neutral ligands when necessary.   
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Scheme 1.6. Syntheses of CuI O-donor complexes. 
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Structural characterization of 1 - 3 revealed the linear coordination one would expect, 
in addition to extensive interactions of unencapsulated K+ ions with the ligand O and F 
atoms.63 The K+ counter cations were encapsulated with 18C6 (4 - 6, respectively) for 
structural comparison. Comparing 1, shown in Scheme 1.7, to 4 the number of K⋅⋅⋅F/O 
interactions decreases from ten to one in the solid state.63 A PPh4
+ complex (7) was also 
synthesized via in-situ generated Tl[Cu(OC4F9)2]. Complexes 1 - 7 are all linear in the O-
Cu-O angle, with the number of K⋅⋅⋅F/O interactions dependent on the degree of K+ 
encapsulation.63 Additionally, 2 also contains two cuprophilic interactions68-75 in the solid 
state, which are attributed to K⋅⋅⋅F/O interactions linking adjacent complexes together.63 
These low-coordination {Cu−Ox} environments are rare76 in the literature, but the related 
non-fluorinated complex, [Cu(OtBu)2]
-, was also determined to have a linear two-
coordinate geometry.77-80 No details of its reactivity with O2 were reported.   
In order to explore the influence of phosphine steric bulk on Cu alkoxide geometries, 
the [(R3P)Cu(µ2-OR)2Cu(PR3)] series was synthesized through combination of PPh3 and 
HOR with {CuI(mes)}n (Scheme 1.6), with bridging ligand OR defined as OC6F5 (8), 
OC4F9 (9), or OCPhMe
F
2 (10). When Pcy3 (cone angle of 179°) was substituted for PPh3 
(cone angle of 145°)81 with the OR defined as OC4F9, steric bulk prevented formation of a 
dimer and instead resulted in linear [(cy3P)Cu(OC4F9)] (11).
64 Complexes 8 - 10 are three-
coordinate at Cu with a butterfly-type {Cu2O2} rhombus whose fold angle in the solid state 
is dependent on the identity of OR, with 8 having a planar {Cu2O2} rhombus, 10 being 
slightly bent, and 9 having the sharpest fold, with distances and fold angles shown in Table 
1.1. Fold angles were found to be dependent on the orbital interactions between Cu and O, 
17 
 
 
proposed to be dominated by electrostatic stabilizations.64 Compound 9 was also found to 
have the smallest Cu…Cu distance of 2.8315(5) Å, consistent with a metallophilic 
interaction, as a result of the fold angle.64 While perfluorinated alkoxides are less likely to 
bridge, bridging is still possible. Related tetrameric complexes [Cu4(OC4F9)4]
82 and 
[Cu4{OC(CF3)2(C6F5)}4]
83, in which each fluorinated alkoxide ligand bridged between 
each CuI, have been synthesized.  
 
 
  
Table 1.1. Summarized fold angles and Cu…Cu distances for 8 - 10. 
CuI complex Cu…Cu distance (Å) Fold angle (°) 
[(Ph3P)Cu(2-OC6F5)2Cu(PPh3)] (8) 3.0533(5) 180.0 
[(Ph3P)Cu(2-OC4F9)2Cu(PPh3)] (9) 2.8315(5) 128.41(9) 
[(Ph3P)Cu(2-OCPhMeF2)2Cu(PPh3)] (10) 3.0169(6) 150.5(1) 
18 
 
 
Scheme 1.7. Schematic diagram of 1 showing intramolecular K⋅⋅⋅F interactions as dotted 
lines. 
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Most recently, K[(R3P)Cu(pin
F)] complexes were synthesized in order to explore the 
effect of a more stabilizing bidentate ligand.65 Alkoxide KHpinF was employed as the 
ligand source in combination with CuI (Scheme 1.6). A phosphine source was added to 
stabilize the coordination sphere, PPh3 (12) or Pcy3 (13). These complexes were prepared 
with both free K+ (12 - 13), and with K+ encapsulated with 18C6 (14 - 15). X-ray 
crystallography of 12 revealed a distorted trigonal-planar geometry, with three K⋅⋅⋅F/O 
interactions. Complexes 13 - 15, which were not characterized by X-ray crystallography, 
are proposed to have anions structurally similar to 12.65 Compared to monodentate-
containing 1, bidentate-bearing 12 has significantly fewer K⋅⋅⋅F/O interactions in the solid 
state, likely due to the presence of PPh3.
63, 65 Outside of these complexes, few CuI 
perfluorinated alkoxides have been published.  
The solution conductivity of 1 - 6 revealed the degree of ionic character of these 
complexes in solutions. As expected, 4 - 7 behaved as 1:1 electrolytes, indicating an ionic 
solution, with fully dissociated cations and anions. Unexpectedly, 1 - 3 showed 
significantly decreased conductivity compared to the complexes with encapsulated 
{K(18C6)}+, indicating that more K⋅⋅⋅F/O interactions, shown in Scheme 1.7, result in 
compounds that do not fully dissociate in solution, consistent with the solvent unable to 
solubilize the cation and anion. Dimeric [(Ph3P)Cu(µ2-OR)2Cu(PPh3)] 8 - 10 showed no 
ionic species present in solution, demonstrating that the dimers are robust and do not exist 
in equilibrium with a charged form, such as [(R3P)2Cu][Cu(OR)2].
64, 84   
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1.5. Reduction of O2 and Intermediate Stoichiometries 
Both the monodentate K[Cu(OR)2] and bidentate K[(R3P)Cu(pin
F)] complex families 
were tested for reactivity with O2. Addition of O2 to a solution of fully fluorinated 1, with 
the monodentate OC4F9 ligand, led to the formation of a deep purple intermediate. This 
species was then evaluated by manometry and shown to form in a 3:1 Cu:O2 ratio at all 
concentrations and postulated to be a trinuclear species, {Cu3(µ3-O)2}
3-, TOC4F9 (Scheme 
1.8).63 More recently, the composition of TOC4F9 was confirmed by CSI-MS and resonance 
Raman85, discussed in further detail in Chapter 2. Both 2 and 3 on the other hand, with 
partially fluorinated monodentate ligands, show concentration dependent reactivity with 
O2. When [Cu
I] > 3 mM and O2 is introduced via slow diffusion, 2 affords a dark blue 
solution, and 3 affords a dark red-brown. A 3:1 stoichiometry is observed by manometry 
at these concentrations, indicating formation of TOCPhMeF2 for 2 and TOCMeMeF2 for 3.63  
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Scheme 1.8. Known reactivity of CuI alkoxides with O2. 
  
 
 
λ = 520, 602 nm (1)
λ = 496, 590 nm (2)
λ = 500, 720 nm (3)
λ =  525 – 535, 
630 – 640 nm (12 – 15)
λ = 644 nm (2)
λ = 511, 673 nm (3)
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When [CuI] < 2 mM, the resulting spectrum of 2 is red-shifted from λ = 496 and 590 
nm to 644 nm. For 3, similar shifts were observed.63 In these cases, manometry indicated 
a 2:1 Cu:O2 stoichiometry, corresponding to dimers DOCPhMeF2 and DOCMeMeF2. Two 
possibile electronic structures for such dimers have been established, {CuIII(µ2-O2)2Cu
III}, 
O, and {CuII(ƞ2,ƞ2-O2)CuII}, SP, which can exist in equilibrium with one another, 
depending on the solvent (Scheme 1.9).13, 86 The electronic spectra of DOCPhMeF2 and 
DOCMeMeF2 are most consistent with a {CuIII(µ2-O)2Cu
III} core, based on the N-donor ligand 
literature,13-15 but confirming vibrational data have not been obtained. DOCMeMeF2 was 
determined to have low stability in solution, starting to decay immediately following full 
formation. The long-term stability of DOCPhMeF2 was not evaluated. 
Formation of TOCMeMeF2 was also shown to be dependent on the rate of O2 addition, as 
noted in Scheme 1.8. Directly bubbling O2 into a solution of 3 at all Cu
I concentrations 
results in formation of the dimer. Similarly, directly bubbling O2 into a solution of fully 
formed TOCMeMeF2 results in conversion to the dimer DOCMeMeF2 (Scheme 1.8, top right).63 
These different results based on the method of O2 addition demonstrate our control over 
forming dimer or trimer, based on ligand and Cu:O2 ratio. This behavior was not observed 
for TOC4F9, which maintains composition regardless of method of O2 introduction. 
Complexes 4 and 7 were also examined for O2 reactivity; however, both showed no 
color change upon addition of O2 under identical low temperature conditions.
63 It was 
hypothesized that fewer K⋅⋅⋅F/O interactions result in diminished ability to generate a 
stable {Cun−O2} species in this complex series. Redox potential and solvent polarity 
dependence of cation/anion separation could also play a role. Further exploration of the 
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effect of both counter-ion and encapsulation on {Cun−O2} reactivity can be found in 
Chapter 3. 
Evaluation of complexes 12 - 15 for O2 reactivity allowed for a comparison of how the 
presence of two monodentate versus one bidentate ligand affects CuI reactivity for this 
system. When 12 - 15 were exposed to O2, a teal species formed.
65 UV-vis spectra of all 
four species exhibited similar electronic transitions and extinction coefficients, and 
therefore are proposed to have the same core structure. To date, only reactivity with 12 has 
been extensively characterized. CSI-MS supports the stoichiometry of the reactive 
{Cun−O2} species of 12 to be {Cu3(µ3-O)2}3-, TpinF, identical to TOC4F9 core (Scheme 1.9). 
Additionally, TpinF was evaluated by EPR at −196 °C, showing a triplet ground state core 
that is consistent with other characterized T systems.65, 87, 88 Because all four 
[(R3P)Cu(pin
F)]- species have similar reactivity with O2, K⋅⋅⋅F/O interactions are proposed 
to not strongly influence these complexes’ abilities to reduce O2. 
These polynuclear {CunO2} species have measurable lifetimes at lower temperatures, 
but none are significantly stable above −40 °C. TOC4F9, TOCMeMeF2 and TOCPhMeF2 were 
found to be stable at −80 °C for at least one hour,63 and TpinF for at least 30 minutes.65 
Formation of T for all ligand scaffolds is irreversible, as the application of vacuum or 
bubbling N2 into the system has no effect. 
The mechanism of formation of fully fluorinated TpinF was investigated in detail via a 
stopped-flow spectroscopy kinetic study at −80 °C (Scheme 1.9). As expected, bidentate 
CuI complex 12 interacts with O2 in a step-wise fashion. When 12 is mixed with O2 in the 
stopped-flow reaction, a species with λ = 380 and 480 nm forms in the first five seconds 
24 
 
 
and then rapidly decays. This species is proposed to have a {CuIII(µ-O2)2Cu
III} core, OpinF, 
based on the UV-vis data (vide infra), and has a pseudo-first-order formation rate constant 
of k1-F = 0.418(1) s
-1. The OpinF transitions decay, with pseudo-first-order behavior and kd 
= 0.049(1) s-1, giving way to formation of TpinF. However, the formation constant k2-F of 
TpinF is 0.268(6) s-1, indicating that an intermediate must exist. DFT calculations have 
identified an asymmetric trimer, AsT, as a likely intermediate.65 A mononuclear {Cu−O2} 
species, M, is proposed to form initially; however, no kinetically resolvable chromophore 
is observed within the time limitations of the spectrometer. As both K+ and {K(18C6)}+ 
variants generate similar chromophores for TpinF and have little effect on intermolecular 
reactivity, as discussed below, it is unlikely that encapsulation affects formation kinetics 
in this system. However, as phosphine was shown to affect oxidase catalysis, as discussed 
in Section 1.6, it is unknown whether the phosphine source would impact the kinetics of 
{Cun−O2} formation. 
To investigate the effect of ligand coordination mode on the mechanism of formation, 
kinetics of formation for TOC4F9 were investigated more recently by stopped-flow. A 
similar step-wise formation pathway was identified, as discussed in Chapter 2, with the 
same proposed stoichiometry. 
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Scheme 1.9. Formation of {Cu3(µ3-O)2}
3- species TpinF upon reaction with O2, adapted 
from Chem Eur. J. 2017, 23, 8212 – 8224. Directly compared with TOC4F9 in Chapter 2. 
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1.6. Reactivity of {Cu3(µ3-O)2}3- with Substrates 
Reactive {Mn−Oy} species can have either nucleophilic or electrophilic character at the 
O atom. Both types of reactivity were seen in these systems. Using the relatively stable 
TOCMeMeF2, TOCPhMeMeF2, TOC4F9, and TpinF {Cu3(µ3-O)2}
3- cores, nucleophilic reactivity 
with CO2 and oxidase/oxygenase reactivity with C−H bonds were probed. The oxidation 
reactions performed to date with these systems are summarized in Scheme 1.10. It should 
be noted that in the formation of TpinF, all PR3 is oxidized to OPR3, with a 
1H NMR yield 
of 88% per {Cu3O2}.
65 As this oxidation is effectively stoichiometric, this process is 
proposed to generate a low coordinate CuI center primed for reduction of O2. 
TOCMeMeF2, TOCPhMeMeF2, and TOC4F9 were evaluated for nucleophilic reactivity with 
CO2.
63 Exposure to CO2 led to color change upon warming. The TOC4F9 or TOCPhMeMeF2 
cases yielded powders that, when analyzed by IR spectroscopy, indicated the presence of 
bound CO3
2-, but no clean products were able to be isolated. Reaction of CO2 and 
TOCMeMeF2 yielded blue crystals of a CuII alkoxide carbonate tetramer, 
{{K2(DME)1.5}[Cu(OCMeMe
F
2)2(CO3)]}4, along with an unidentified green species.
63  
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Scheme 1.10. Oxidation reactivity of O-donor T cores. 
 
The partially fluorinated TOCMeMeF2 and TOCPhMeMeF2 species were found to perform 
intramolecular ligand hydroxylation. The {Cu3O2} species was generated at −80 °C and 
then allowed to warm to room temperature, upon which a color shift to green was observed. 
These solutions were analyzed by ESI-MS, and the hydroxylated free ligands were 
identified. This analysis was repeated with isotopically labeled 18O, resulting in a mixture 
of labeled and unlabeled free ligand, confirming O2 as the source of the oxygen in ligand 
hydroxylation, either intramolecular or intermolecular by a nearby intermediate in 
solution.63 These two T cores highlight the advantage of full ligand fluorination of TOC4F9 
and TpinF that are resistant to C−H oxidation and can direct their oxidation chemistry to 
external substrates.  
Oxidase reactivity was probed in the conversion of para-hydroquinone (H2Q) to para-
benzoquinone (BQ) (Scheme 1.10). Catalytic oxidation with TpinF was observed with 
modest turnover. Notably, the identity of phosphine has a measurable effect on turnover 
number (TON), whereas encapsulation of K+ has little effect (12 vs. 14). Total recovery of 
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H2Q and BQ is 94%, indicating clean oxidation reactivity.
65 The catalytic oxidase reactivity 
of TOC4F9 is discussed in Chapter 2. Additionally, both trimers have been evaluated recently 
for hydroxylation chemistry by the introduction of phenolates, which is also discussed in 
Chapter 2. As a result of these studies, structural differences between the two trimers are 
shown to affect intermolecular reactivity.  
  
29 
 
 
1.7. Conclusions and Future Directions 
CuI complexes with mono- and bidentate fluorinated alkoxide ligands react rapidly with 
O2 to form {Cu3O2} cores that can effect intra- and intermolecular hydroxylation of sp
2- 
and sp3-hybridized C−H bonds, as well as one instance of carbonate formation from CO2. 
Three different factors that influence reactivity have been considered: ligand coordination 
(monodentate vs. bidentate), cation encapsulation, and the presence of phosphine.  
While the mechanism of formation of TpinF and subsequent oxidase reactivity of this 
intermediate has been described in detail, comparable investigations on monodentate 
TOC4F9 had not yet been completed. Chapter 2 more fully explores the reactivity of both 
fully fluorinated T intermediates, allowing the influence of ligand coordination on both 
formation and reactivity to be identified. As described above, partially hydrogenated 
TOCMeMeF2 and TOCPhMeF2 underwent intramolecular ligand hydroxylation, whereas their 
fully fluorinated counterpart, TOC4F9, had yet to be investigated for comparable 
intermolecular reactivity. As previously discussed, intermediate TpinF was shown to effect 
hydroquinone oxidation, which oxidase behavior has now been demonstrated to also occur 
with TOC4F9. Future work could include the investigation of mechanisms of the oxidation 
reactions.  
Potassium encapsulation, or tight ion pairing due to solvent, was shown to affect T 
formation in the monodentate series, but not in the bidentate complexes. Due to the 
quantitative and qualitative differences in K⋅⋅⋅F/O interactions proposed to influence 
reactivity between CuI and O2, further investigation of the effect of the nature of the cation 
(K+ vs. Na+ or Cs+) and potential encapsulation is discussed in Chapter 3.  
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Phosphine ligands served to complete the coordination sphere for the {CuI(pinF)} 
complexes. Interestingly, in contrast to the monodentate-ligand containing [Cu(OC4F9)2]
1- 
species, all four compounds are believed to form visible T species, regardless of cation 
encapsulation. In the pinF series, the starting material with Pcy3 led to double the TON 
versus that with PPh3. Similarly, future studies on the formation of TpinF from 
K[(cy3P)Cu(pin
F)] could show how the different phosphines effect the formation of T. 
Going forward, it is interesting to consider how [(R3P)Cu(µ-OR)2Cu(PR3)] complexes 
would react with O2. As this series is deficient in alkoxide and contains coordinated PPh3, 
this quality may result in different O2 activation {CunO2} moieties. Based on this motif, 
the question was posed as to whether phosphine could serve as a functional protecting 
group in a series of related complexes, filling the coordination sphere to stabilize other 3d 
divalent fluorinated alkoxide complexes, while also able to be oxidized and dissociate to 
form new reactive intermediates. CuI alkoxides have the disadvantage of light and heat 
sensitivity, and more robust pre-catalysts are desirable. Thus, a new series of 3d complexes 
with mixed alkoxide and PPh3 ligands was synthesized and investigated for O2 reactivity, 
which is explored in Chapter 4. Continued exploration into CuI O-donor complexes will 
reveal a greater understanding of how the coordination environment affects {Cun−O2} 
oxidation chemistry. 
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CHAPTER 2: Dual Oxidase/Oxygenase Reactivity and Resonance Raman Spectra 
of {Cu3(µ3-O)2}3- Moiety with Perfluoro-tert-butoxide Ligands 
 
2.1. Introduction 
The formation and reactivity of {Cun−O2} moieties are of interest to the scientific 
community for understanding both industrial and biological oxidation chemistry. Chemists 
design model systems that attempt to do the same or similar chemistry as in industrial or 
biological systems more efficiently, and lead to better understanding of how these systems 
function.13-15 For example, a system that could convert methane to methanol at ambient 
temperature and pressure is desirable for more sustainable use of this abundant resource. 
Methane’s oxidation to CH3OH is challenging for two reasons: its high C−H bond strength 
(439 kJ/mol or 105 kcal/mol) and the product is more reactive than the substrate. Currently 
for commercial applications, methane is too often unselectively burned, not all products of 
which can be usefully captured, making an alternative pathway desirable.17 Similarly, 
benzene is commercially oxidized to phenol in the so-called cumene process via a Friedel-
Crafts alkylation with propylene, followed by exposure to O2. While generation of large 
quantities of acetone can be valuable, low yield and peroxide production make this pathway 
undesirable.17, 89  
Investigation of more sophisticated systems seeks to offer alternatives to these 
nonselective oxidation processes. The ideal system will employ a catalyst with high 
turnover numbers, operate under ambient conditions, and selectively convert reactants to 
desired products. One class of materials that have shown promise in selective hydrocarbon 
oxidation is zeolites.17, 90, 91 Zeolites are naturally occurring, discovered in 1756, and were 
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later able to be synthesized.92 Structurally, zeolites have an exclusively O-donor, 
aluminosilicate framework,18, 93 distinguishing these materials from enzymes or small-
molecule bioinorganic model complexes, with general framework represented in Scheme 
1.2. However, most zeolites still require a higher temperature and pressure compared to 
enzymes, necessary to drive reactions forward. A well-known and highly characterized 
zeolite for selective CH4 oxidation is ZSM-5. As described previously, the Fe/O loaded 
ZSM-5, formed by exposure to N2O, was the first transition metal-based zeolite to 
selectively convert methane to methanol.21, 24 Fe/O zeolites are notably able to oxidize CH4 
at room temperature and pressure and are highly reactive once formed, but will only oxidize 
CH4 in the presence of N2O, and are thus less desirable for industrial application due to this 
oxidant requirement.17  
Cu/O zeolites, on the other hand, are less reactive than Fe/O, but have the advantage of 
oxidizing methane with the addition of either O2 or N2O.
17,94 Cu/O ZSM-5 is able to 
selectively catalyze methane oxidation at 150 °C. Mechanistic studies on CH4 oxidation by 
active site [Cu2O]
2+ in ZSM-5 have been done using resonance Raman (rR) and UV-vis 
spectroscopies.17, 23, 24, 95, 96 When CuI zeolite is exposed to O2 under reaction conditions, a 
µ-ƞ2:ƞ2 peroxo-bridged dicopper intermediate is observed before forming [CuII2O]2+. Using 
rR data, the catalytic site has been characterized as a mono-(μ2-oxo) dicopper(II) [Cu2O]2+ 
species, with the O-donor framework acting as a bidentate donor to each three-coordinate 
Cu center, each pair of which are bridged by an oxido unit (previously depicted in Scheme 
1.3).24 The [CuII2O]
2+ species is then proposed to oxidize methane to methanol, 
regenerating CuI and restarting the cycle.23 Most recently, a combination of EPR and solid-
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state NMR studies on Cu/Na-ZSM-5 was performed in order to propose a mechanism for 
CH4 oxidation by this [Cu
II
2O]
2+ intermediate at 150 °C.97 This mechanism involves the 
generation of •CH3 and •OH radicals, which reduce CuII back to CuI. Reaction leads to 
formation of a combination of adsorbed CH3OH and {Cu
+−OCH3} species, which upon 
addition of protons, release CH3OH. 
The related zeolite Cu-MOR was found to catalytically convert CH4 to CH3OH at 200 
°C.98 This system requires higher temperatures to selectively oxidize CH4 than ZSM-5 and 
is believed to have two different {CuII2O}
2+ active sites.20 DFT calculations performed on 
Cu-MOR suggest that there are two possible reaction routes to [CuII2O]
2+ moieties. The 
first path forms two [CuII2(µ2-O)] units via O−O cleavage from a [CuII2O2] unit reacting 
with two CuI centers. Along the other path, a {CuII2} peroxo-bridged precursor reacts with 
an {Si−O−Si} unit to form a {Si2O2} peroxide unit and one [CuII2O]2+ core.95 The structure 
of these final cores can be seen in Scheme 1.3. 
CH4 oxidation has also been observed in copper exchanged small-pore zeolites, 
including SSZ-13, SSZ-16, and SSZ-39 and related SAPO-34.99 In a recent study 
comparing catalytic gas phase CH4 conversion to CH3OH at low temperatures (ranging 
from 210 - 220 °C) in different zeolite frameworks, including ZSM-5 and MOR, SSZ-13 
was shown to have the highest rates of conversion, showing that smaller pores and cages 
can enhance CH4 conversion in zeolites.
100 On SSZ-13 and SSZ-39, which are both known 
for reduction of nitrogen oxides, both trans-μ-1,2-peroxo dicopper(II) ([CuII2O2]2+) and 
[CuII2O]
2+ sites were spectroscopically identified as possible active sites.101 Most recently, 
in SSZ-13, [Cu2O]
2+ was identified as the active site in CH4 conversion through a 
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combination of kinetics and spectroscopy.102 Mechanistically, the rate determining step in 
this process was unsurprisingly found to be C−H cleavage, which could be followed by 
partial oxidation to CH3OH or full oxidation to CO2. 
Recently, there have been efforts to expand the zeolite framework to incorporate greater 
transition metal nuclearity in order to test the effect on CH4 oxidation. In particular, 
[Cu3O3]
2+ active sites have been reported in both ZSM-526 and MOR27 frameworks. The 
center is proposed to consist of an alternating Cu and O six-membered ring.27 CH4 
reactivity by MOR also yielded undesired CO and CO2.
27 More detailed experimental 
characterization of these intermediates in the zeolite frameworks is still needed to explain 
this additional reactivity and confirm the proposed structures.17 Reactive species in zeolites 
with greater Cu/O nuclearity have been reported. For example, investigation of the 
[Cu2O]
2+ site in Cu-MOR under isothermal conditions, in which both activation and 
substrate reactivity occur at 200 °C, found that the active site was no longer present, and 
instead was proposed to be small clusters of Cu, suggesting that a different Cu species is 
responsible for CH4 oxidation;
103 however, more in-depth CH4 oxidation studies are also 
needed to further evaluate this hypothesis.17 DFT calculations on O2 activation of [Cu3O]-
MOR suggest that a [Cu3O3]
2+ core results from side-on O2 reaction with a [Cu3O]
2+ unit 
via a [μ-η2:η2-peroxo-CuII3O]2+ intermediate (Scheme 2.1).95 Calculations comparing 
nuclearity in the ZSM-5 framework propose that [Cu3O3]
2+ more readily converts CH4 to 
CH3OH compared to [Cu2O]
2, which instead favors formation of methoxy groups.25 
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While zeolites have shown promise for improved commercial oxidation of methane 
and related molecules, there are still improvements to be made before these materials can 
be used commercially, including in yield and process optimization.91 For example, 
traditionally, Cu-zeolites are activated under O2 at high temperatures ( > 400 °C), followed 
by cooling to 200 °C to oxidize CH4, ending with extraction of CH3OH with either steam 
or water. A recent study, however, demonstrates that an isothermal heating process, 
described in the above paragraph, is able to make the zeolite oxidation process more 
efficient and able to be scaled up, both qualities of which are important considerations in 
industrial application.104  
Mechanistically, the activation of Cu-zeolites and subsequent CH4 oxidation is not 
completely understood.105, 106 However, over the years, numerous {Cun−O2} complex 
systems have been explored to provide an understanding of enzyme mechanisms.13-16 
Virtually all examples involve fully N-donor ligand systems to model the histidine-rich 
biological coordination. The thorough structural and mechanistic investigation of N-donor 
Cu complexes has allowed for a better understanding of both enzyme structures and the 
 
Scheme 2.1. Proposed formation of [Cu3O3]
2+ based on DFT calculations, adapted from 
Inorg. Chem. 2018, 57, 10146 - 10152. 
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reactions they facilitate. Extensive reviews are available.13-15, 17 There is a wide array of N-
donor ligand types, including pyridyl,107, 108 imine,109 amine,55, 110-113 pyrazolyl,8, 114-116 and 
imidazolyl117, 118 donor groups. Steric bulk was shown to influence the stoichiometry of the 
resulting {Cun−O2} core. Reactive {Cun−O2} species were targeted, and these model 
complexes were used to mechanistically understand substrate reactions performed by 
enzymes. 
Additionally, from studies of reactivity of CuI with O2 in both enzymes and model 
complexes, CuI and O2 were found to have step-wise reactivity. The initial coordination of 
O2 to one Cu
I center results in a mononuclear species M, as shown in Scheme 2.2, followed 
by the subsequent addition of a second CuI component. Dinuclear species may have side-
on coordination of the reduced O2, in oxo-, {Cu
III
2(µ2-O)2}, O, or peroxo-containing 
{CuII2(O2)}, 
SP, cores, which can exist in equilibrium.13, 86 Addition of a third CuI reactant 
can lead to the formation of a trinuclear, T, species,119 which has been reviewed.13-15, 120 
Copper enzyme reactivity with O2 is controlled by different active sites based on the 
number of Cu centers and donor ligand environment.13-15 Examples include Cu-containing 
mononuclear121 galactose oxidase,122, 123 peptidylglycine-α-hydroxylating monooxygenase 
(PHM),124 dopamine-β-monooxygenase (DβM),124 dinuclear125 tyrosinase126, 127 and 
catechol oxidase,128 as well as trinuclear laccase129 and ascorbate oxidase.130-132 The active 
site of particulate methane monooxygenase (pMMO)133 has long been under debate, 
proposed to have either one Cu atom and one dinuclear site,3 or one trinuclear Cu oxide 
active site.53, 134 Recent findings from Rosenzweig and colleagues support CH4 oxidation 
by a monocopper site in pMMO based on triple isotopic labeling experiments.135, 136 
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Scheme 2.2. Stepwise stoichiometric reactivity of CuI with O2. 
 
 
Some enzymes are highly substrate specific, while others show broader substrate 
reactivity. This is defined by the nature of the reaction and its place in the metabolic 
pathway. One such highly specific enzyme is catechol oxidase, which facilitates the 
oxidation of catechols to quinones. On the other hand, tyrosinase3, 137-143 can perform both 
the oxidation of catechols to quinones and monooxygenation of phenols to catechols, as 
discussed in Chapter 1. The dual reactivity of tyrosinase has been the subject of several 
model complex systems.1, 5, 7, 8, 110, 111, 116, 117, 125-127, 144-152 Studies have also been performed 
evaluating complexes with semiquinonate and catecholate ligands derived from 
quinones.153 The design of artificial systems that effect a single type of reactivity and 
exhibit broad substrate scope remains challenging.   
Although many {Cun−O2} studies have involved CuI systems with N-donor ligands, 
there are presently few systems that allow us to understand oxidation mechanisms of 3d 
metals in exclusively O-donor environments, like that of zeolites. Mechanistically, the 
activation of Cu-zeolites and subsequent CH4 oxidation is not at all well understood. A 
notable recent report with some molecular level detail and an O-donor coordination 
environment showcases CuII siloxide complexes that were developed as zeolite molecular 
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models, mononuclear [Cu(OSi(OtBu)3)2(TMEDA)] and dinuclear [Cu(κ2,μ2‐
Si(OtBu)3)(OSi(O
tBu)3)]2, with O
tBu being tert-butoxide and TMEDA being 
tetramethylethylenediamine .154 After O2 activation at high temperature (700 °C) in the 
presence of an alumina support, both complexes form tethered monomeric CuII sites that 
are able to selectively convert CH4 to CH3OH.  
As discussed in detail in Chapter 1, our group has made substantial contributions to 
{Cun−O2} chemistry with O-donor fluorinated systems. Our group introduced a series of 
CuI complexes with unique O-donor perfluorinated alkoxides, perfluoro-tert-butoxide 
(OC4F9) and perfluoropinacolate (pin
F), that, at low temperatures and in THF, form 
oxidizing trinuclear {Cu3(µ3-O)2}
3- cores TOC4F9 and SyTpinF.63, 65, 155 This reactivity is 
summarized in Scheme 2.3. 
 
Scheme 2.3. Formation of {Cu3(µ3-O)2} from both monodentate and bidentate fluorinated 
O-donor CuI complexes. 
 
In this chapter, the full reactivity profile of K[Cu(OC4F9)2] is presented, in which a 
kinetic analysis was used to detect the initial 1:1 Cu-O2 intermediate in the formation of 
the final TOC4F9. The fully fluorinated ligand allows us to achieve both intermolecular 
substrate oxidase and monooxygenase chemistry, which is the first time both reactivities 
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have been observed for the same trinuclear {Cu3(µ3-O)2}
3-, or {Cu3O2}
3-, reactive center. 
The structure is relevant to trinuclear enzymes such as laccase and perhaps pMMO, but 
the reactivity is that of catechol oxidase or tyrosinase. These structural and mechanistic 
insights offer a molecular Cu O-donor model, which may help to understand the 
reactivity of Cu-loaded zeolites.   
 
2.2. Experimental 
2.2.1. General Procedures 
Ligand and CuI complex syntheses were performed as previously described.43, 65 CuI 
complex solutions were prepared at room temperature in an MBraun purified N2-filled 
drybox under an inert N2 atmosphere. The anhydrous solvent tetrahydrofuran (THF) was 
purified via distillation from sodium benzophenone ketyl under N2 and degassed. All 
solvents were stored over 3Å molecular sieves in an N2-filled drybox. 
18O2 (99%, 500 mL) 
was purchased from Sigma Aldrich. 1H-NMR solvents were obtained from Cambridge 
Scientific. para-Hydroquinone and all phenols were obtained from Sigma Aldrich. The 
subsequent sodium phenolates were synthesized by combining desired phenol and sodium 
hydride at low temperature, followed by filtration, trituration, and recrystallization; based 
on a preparation reported in the literature.144  
2.2.2. Physical Methods 
NMR spectra were recorded on a Varian 500 MHz spectrometer at RT. Chemical shifts 
for 1H were referenced to resonance of residual protiosolvent. UV-vis data analysis was 
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performed using a Varian Cary 60 spectrophotometer from Agilent Technologies with a 
fiber-optic quartz glass immersion probe (Hellma, 1 mm) in a customized Schlenk cell.  
Stopped-flow spectroscopy experiments were performed in THF at −80 °C with a HI-
TECH Scientific SF-61SX2 device with a diode array and photomultiplier detector 
(Aachen, Germany). The optical light path for transmission of the quartz glass cuvette was 
10 mm. The mixing time is given by HITECH as 2 ms. The fastest scan rate was 667 spectra 
per second in a wavelength range of 250 to 800 nm. The stopped-flow experiments were 
performed using the TgK Scientific Program Kinetic Studio 4.0.8.18533 (Aachen, 
Germany). For each stopped-flow experiment, a total of 500 spectra were collected for 
each reaction time investigated. Kinetic analyses were carried out with JPlus Consulting 
program ReactLab KINETICS (Build 10, Version 1.1) or the MathWorks Curve Fitting 
Toolbox in MATLAB R2020a. The small dip in absorbance in the first milliseconds of the 
resulting absorbance vs. time plots was due to the viscosity change caused by the release 
of syringe contents and was removed for more accurate fitting of the experimental data. 
The resulting spectra, as well as an example of this correction, later described and shown 
in Figure 2.7.  
Cryospray ionization mass spectrometry (CSI-MS) was performed by Nicole Orth in 
the lab of Ivana Ivanović-Burmazović (Friedrich-Alexander-Universität Erlangen-
Nürnberg). CSI-MS measurements were performed with an ultra-high resolution time-of-
flight (UHR-TOF) Bruker Daltonik maXis plus instrument (Bremen, Germany), an ESI-
quadrupole time-of-flight (qTOF) mass spectrometer capable of resolution of at least 
60.000 at full-width half-maximum (FWHM), which was coupled to a Bruker Daltonik 
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Cryospray unit. Detection was in the negative ion mode and the source voltage was 4.0 kV. 
The flow rates were 280 µLh-1. The drying gas (N2), to aid solvent removal, and the spray 
gas were held at −90 °C. The machine was calibrated prior to every experiment by direct 
infusion of the Agilent ESI-TOF low-concentration tuning mixture, which provided an m/z 
range of singly charged peaks up to 28 000 Da in negative ion mode.  
Resonance Raman (rR) data were collected by the Rübhausen Group (Universität 
Hamburg). rR was performed using a Tsunami Ti:Sapphire laser system model 3960C-
15HP (Spectra Physics Lasers Inc., California), used in conjunction with a flexible 
harmonic generation unit, model GWU2 23-PS (GWU- Lasertechnik Vertriebsges.mbH, 
Erfstadt), providing the frequency tripled wavelength of 280 nm. To determine the pulse 
width of the laser, a small part of the Tsunami fundamental was mirrored out using a glass 
plate and the reflex then coupled into an autocorrelator (AC) (APE GmbH, Berlin, 
Germany). The laser beam was widened with a spatial filter and then focused on the cuvette 
inside the cryostat. The focus spot size was around 20 µm in diameter. Raman scattered 
light was then captured with the entrance optics of the UT-3 triple monochromator 
spectrometer.156, 157 The cryostat was a slightly modified version of the previously 
published method157 with a standard cuvette with septum instead of PEEK tubes for 
oxygenation. Equipped with a different Peltier element (QuickCool QC-127-1.4-6.0MS) 
and a new copper block, which encloses three sides of the Suprasil cuvette with a sample 
volume of 1.4 ml (Hellma Analytics, Müllheim), temperatures below −90 °C inside the 
solution were reached. The used laser power in front of the entrance optics was ≈3 mW. 
42 
 
 
The pulse width was 1 ps. The experiments were conducted in a clean room with constant 
temperature (20.0 °C ± 0.5 °C) and humidity (45 % ± 3 %).  
MS measurements were run by Marek Domin, Director the Mass Spectrometry Center 
at Boston College, using Direct Analysis in Real Time (DART) on an AccuTOF time-of-
flight (TOF) mass spectrometer (JEOL USA, Inc., Peabody, MA, USA). The resolving 
power was ~6000 (FWHM definition), measured using Fomblin Y (Sigma Aldrich). 
Samples were sampled directly by dipping the closed end of a melting point capillary into 
a sample solution and positioning the sample-coated tube between the DART ion source 
and the detector inlet. The DART ion source was operated with helium gas (Airgas, 
Cambridge, MA, USA) at 400 °C. 
2.2.3. Computational Methods 
These studies were carried out by Dr. Alexander Hoffmann of RWTH Aachen 
University. The geometries of the complex anions were fully optimized with density 
functional theory using the Berny algorithm as implemented in Gaussian 09.158 The 
Gaussian 09 calculations were performed with the hybrid functional TPSSh,159 and with 
the Ahlrichs type basis set def2-TZVP.160 The SMD model for THF as implemented in 
Gaussian 09 was used. The D3 dispersion with Becke–Johnson damping as implemented 
in Gaussian, Revision D.01 was used as an empirical dispersion correction.161, 162 For 
TPSSh, the values of the original paper have been substituted by the corrected values kindly 
provided by S. Grimme as a private communication to A. Hoffmann. The P species was 
treated as an open-shell singlet and a spin expectation value29 = 0.44 was found. The triplet 
calculation for the T species gave a value for the spin expectation value <S2> = 2.00. 
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2.2.4. Low Temperature UV-vis Spectroscopy 
Under N2, Cu
I complexes were dissolved in THF. The pale yellow solution was 
transferred to a Hamilton Gastight Syringe. Outside of the drybox, a customized Schlenk 
measurement cell with a stir bar was sealed with a rubber septum, evacuated and 
maintained under N2 atmosphere. A desired volume of THF was added, and O2 was 
bubbled in via a balloon and needle for ten minutes at room temperature. The cell was then 
cooled to −78 °C using dry ice/acetone. The CuI solution was injected into the cell and 
evaluated from 200 nm to 800 nm.  
2.2.5. Low Temperature Stopped-flow Spectroscopy 
Under N2, Cu
I complexes were dissolved in THF. The pale yellow solution was 
transferred to a Hamilton Gastight Syringe. Outside of the drybox, O2 was bubbled from a 
balloon into previously distilled and degassed THF to saturate the solution. The O2-
saturated THF (10 mM)163 was then transferred into a second Hamilton Gastight Syringe. 
The two syringes were connected to the stopped-flow spectrometer for evaluation at −80 
°C. 
2.2.6. Low Temperature Resonance Raman 
The complex was prepared in an oxygen and water free N2 atmosphere (< 0.5 ppm O2) 
inside a LABstar glovebox (MBraun, Garching) with a concentration of ≈15 mM (based 
on CuI precursor) in 99.9 % THF (VWR Chemicals, Pennsylvania). The solvent was 
degassed and dried over sodium. Additional drying over 3 Å molecular sieves was 
necessary before measuring. After cooling the precursor solution to below −90 °C, oxygen 
was run through the sample using cannulae for ≈10 mins until the complex was formed, 
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which is observed by a distinct change in color of the solution from slightly yellow to deep 
purple. The cryostat was then placed inside the entrance optics of the UT-3 Raman 
spectrometer. With a micrometer screw, a focal depth of around 50 µm inside the cuvette 
was adjusted. 
2.2.7. Catalytic Conversion of H2Q 
The conversion of H2Q to BQ by TOC4F9 was performed as previously reported for 
SyTpinF.65 In an N2-filled drybox, Cu
I complexes were dissolved in THF in a Schlenk flask 
and transferred to the Schlenk line under N2 atmosphere. The solution was cooled to −78 
°C using a dry ice/acetone bath, and then O2 was bubbled into the solution from a balloon 
fitted with a needle and syringe, affording a royal purple solution. Following trimer 
formation, the solution was purged with N2 for ten minutes. In the glovebox, 10 equivalents 
of H2Q were measured out and dissolved in 1 mL THF, and sealed in a vial with a septum. 
The substrate was added to the complex solution under a positive pressure of N2, resulting 
in a maroon-brown solution. The solution was stirred at −78 °C for 30 minutes, and then 
allowed to warm up to RT. The solution was then concentrated, and the resulting residue 
was dissolved in d6-acetone and evaluated by 
1H NMR spectroscopy. Both starting material 
and products were quantified using an internal standard of DMSO. See Table 2.7 for 
summary of H2Q and BQ yields. 
2.2.8. Stoichiometric Reactions with DBP 
In the drybox, CuI complexes were dissolved in THF in a Schlenk flask and transferred 
to the Schlenk line under an N2 atmosphere. The solution was cooled to −78 °C using dry 
ice/acetone and then O2 was bubbled into the solution from a balloon fitted with a needle 
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and syringe, affording a royal purple solution. Following trimer formation, the solution was 
purged with N2 for ten minutes. In the glovebox, 5 equivalents of DBP were measured out 
and dissolved in 0.5 mL THF, and sealed in a vial with a septum. The substrate was 
transferred to the complex solution under a positive pressure of N2, and this resulted in an 
olive green solution. The solution was stirred at −78 °C for 10 minutes, turning slightly 
more yellow, warmed up to RT and stirred for 30 minutes, and quenched with 3 mL of 0.5 
M HCl. The solution was partially concentrated to remove THF, followed by three 
extractions into CH2Cl2. The organic layer was concentrated to a yellow oil which was then 
dissolved in CD2Cl2. Acetophenone was added as an internal standard prior to analysis by 
1H NMR spectroscopy. Using the internal standard, both starting material and products 
were quantified. See Table 2.9 for full reaction information and summary of phenol and 
catechol yields. 
2.2.9. Stoichiometric Reaction with DBP and 18O2 
In the drybox, CuI complexes were dissolved in THF in a Schlenk flask and transferred 
to the Schlenk line, with the flask remaining sealed. The solution was cooled to −78 °C 
using dry ice/acetone to create a vacuum. A small balloon was purged with N2, fully 
evacuated, and then filled with 18O2 (99%). The balloon was attached to a needle and then 
submerged into the solution for one-two minutes, until no longer bubbling. The needle was 
then raised above the solution, and the reaction proceeded in a sealed environment for 30 
minutes. Following trimer formation, the solution was purged with N2 for ten minutes. In 
the glovebox, 5 equivalents of DBP were measured out and dissolved in 0.5 mL THF, and 
sealed in a vial with a septum. The substrate was transferred to the complex solution under 
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a positive pressure of N2, and resulted in an olive green solution. The solution was stirred 
at −78 °C for 10 minutes, turning slightly more yellow, warmed up to RT and stirred for 
30 minutes, and quenched with 3 mL of 0.5 M HCl. The solution was partially concentrated 
to remove THF, followed by three extractions into CH2Cl2. The organic layer was 
concentrated to a yellow oil which was then dissolved in CD2Cl2. Acetophenone was added 
as an internal standard prior to analysis by 1H NMR spectroscopy. See Table 2.9 for full 
reaction information and calculation of phenol and catechol yields. 
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2.3. Results and Discussion 
2.3.1. Characterization of TOC4F9 
The reactivity of K[Cu(OC4F9)2] and O2 was previously shown to have a 3:1 Cu:O2 
ratio by manometry.63 Further evidence for the {Cu3(µ3-O)2} intermediate has now been 
obtained through cryospray-ionization mass spectrometry (CSI-MS) that further confirms 
the assignment and presence of this species (Figure 2.1). These data were collected by 
Nicole Orth, a doctoral student in the lab of Prof. Ivana Ivanović-Burmazović at the 
Friedrich-Alexander-Universität Erlangen-Nürnberg. TOC4F9 is detected at 1782.6423 m/z, 
which includes {(OC4F9)6Cu
II
2Cu
III(µ3-O)2}, two K
+ ions, and one equivalent of THF.  
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Figure 2.1. Experimentally observed isotopic pattern for monoanionic 
(OC4F9)6Cu
II
2Cu
III(µ3-O)2 + 2K
+ + C4H8O (top) and predicted pattern for 
(OC4F9)6Cu
II
2Cu
III(µ3-O)2 + 2K
+ + C4H8O (bottom). 
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Resonance Raman spectroscopy was performed by Dieter Rukser, Florian Biebl, 
Benjamin Grimm-Lebsanft, Gregor Praedel, and Melissa Teubner in the research group of 
Michael Rübhausen at the Institut für Nanostruktur- und Festkörperphysik at Universität 
Hamburg in Hamburg, Germany. To our knowledge, this is the first resonance Raman 
spectrum for a trinuclear, T, {CuII2Cu
III(µ3-O2)} core, shown in Figure 2.2 using the 
excitation wavelength 280 nm. Resonance Raman of T formed from both 16O2 and 
18O2 
were evaluated, with features at 718 cm-1 and 679 cm-1, respectively, each corresponding 
to the vibration of the O…O vector within the {Cu3(3-O)2} unit. A slight decrease, in this 
case 39 cm-1, is expected with {Cun−O2} species formed using the heavier isotope due to 
the increased weight, and therefore slightly slower vibration, of the O atoms of T. There 
are no other resonance Raman spectra of such units, but this difference between the O…O 
vector in 16O2 and 
18O2 is consistent with that reported for {Cu2O2} cores.
13 Additional 
spectra collected at other wavelengths were also published, showing that this feature is 
consistently generated.85  
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Figure 2.2. Resonance Raman spectra of TOC4F9 showing both 16O (red) and 18O (blue) 
when [Cu] = 15 mM. 
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Density functional theory (DFT) was performed by Prof. Sonja Herres-Pawlis and Dr. 
Alexander Hoffmann at the Rheinisch-Westfälische Technische Hochschule Aachen. 
These calculations show the projected structure of a symmetric T core, SyTOC4F9, the 
expected configuration of this species, with a localized CuIII center and triplet ground state 
(Figure 2.3 and Table 2.1). DFT predicts a mode to appear in T at 652 cm-1 with an isotope 
shift of 34 cm-1 to 618 cm-1 (TPSSh, GD3BJ/def2-TZVP, SMD THF model, unscaled). A 
comparable calculation of the singlet ground state (Table 2.1) shows an electronic structure 
higher in energy by 21 kcal/mol. The calculated singlet ground state structure was also 
published.85 The vibration at 718 cm-1 is predicted to originate from O…O modes involving 
the (µ3-O) atoms, as indicated by the shift with the heavier isotope. Importantly, related 
calculations show that the corresponding vibrations of the related P, {CuII2(2-O2)}, and 
O, {CuIII2(2-O)2} species (see Scheme 1.9), would show up at 828 cm-1 and 638 cm-1. 
With regard to the formation characteristics of TOC4F9 (vide infra), at the concentrations 
used for the Raman measurements, only the T core is stable in comparison to the O core.15, 
156  
The resonance Raman spectrum for a related {CuII2Cu
III(3-S)2} species, supported on 
bidentate tetramethylethylenediamine or N,N,N′,N′-tetramethyl-2R,3R-
cyclohexanediamine, has been reported with modes at 367 cm-1 and 474 cm-1 with 32S that 
shift to 360 cm-1 and 460 cm-1 upon labeling with 34S.164  
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Figure 2.3. DFT-optimized structure of S = 1 SyTOC4F9. 
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Table 2.1. Calculated bond lengths (Å) of SyTOC4F9. 
 S = 1 SyTOC4F9 S = 0 SyTOC4F9 
CuII- µ3-O 1.966 - 1.993 1.869 - 1.948 
CuIII- µ3-O 1.809 - 1.825 1.952 
CuII-OC4F9 1.927 - 1.954 1.916 - 1.927 
CuIII-OC4F9 1.895, 1.898 1.960, 1.984 
O…O 2.288 2.286 
Cu…Cu 2.637 - 2.728 2.488 - 2.860 
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The UV-vis absorption spectrum for TOC4F9 at −80 C was previously reported, with 
λmax (ε, M-1cm-1) values at 307 nm (nd), 520 nm (448), and 602 nm (406).63 To follow the 
formation of TOC4F9 and probe for the existence of earlier time course intermediates, 
stopped-flow UV-vis spectroscopy was employed. When solutions of K[Cu(OC4F9)2] and 
O2-saturated THF were mixed at −78 °C in a stopped-flow apparatus, the growth of two 
visible peaks at 520 nm and 602 nm was observed, consistent with data previously 
published by the Doerrer group.63 Absorbances corresponding to mononuclear or dinuclear 
intermediates based on N-donor systems,13-15 such as a bis-µ-oxo core, were not observed 
spectroscopically in the visible region before the two visible T λmax values slowly grew in, 
suggesting that any previous intermediates may have chromophores similar to TOC4F9 
(Figure 2.4).13, 63 Concentrations less than 0.9 mM [CuI] were also evaluated due to the 
high molar absorptivity of the charge transfer band; however, no additional peaks in the 
UV region were detected. These concentrations proved to be too low to elucidate visible 
transitions due to small extinction coefficients. It can be noted that any CuII species will 
have O-to-Cu LMCT from the alkoxide ligands as well as O-to-Cu LMCT from any peroxo 
or oxo ligands derived from O2. For examples, LMCT features in the following complexes 
have energies in the same energy range: [Cu(OC4F9)2]
1- (240 nm),63 [Cu(pinF)2]
2- (195 and 
242 nm),46 and [(Ph3P)Cu(pin
F)] (255 nm).65 Therefore, the clear and distinct features 
attributed to {CuII2(O−O)} and {CuIII2(µ2-O)} in the UV region are not expected to be 
easily distinguishable. Such O−CuII LMCT features were previously reported with a 
bidentate ligand46 in [Cu(pinF)2]
2- (~ 200 – 320 nm) and monodentate perfluoro-tert-
butoxide50 in [Cu(OC4F9)3]
1- ( ~ 230 – 400 nm).   
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Figure 2.4. Formation of TOC4F9 over 220 s in the visible region, at eleven intervals of 20 
s, at 4.95 mM at −80C. 
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2.3.2. Formation of TOC4F9 
Stopped-flow kinetic data were obtained at [CuI] ranging from 0.9 mM to 10 mM in 
order to investigate mechanism of formation of presumed T (Figures 2.5 and 2.6). The CuI 
monodentate alkoxide, K[Cu(OC4F9)2], has no absorbance in the visible range and reacts 
immediately upon exposure to O2 in the stopped-flow instrument. The data indicate that 
TOC4F9 forms in a multi-step mechanism. These steps correspond to (i) an initial species 
decaying that is proposed to be a rapidly-formed mononuclear {Cu−O2} species M, (ii) the 
growth and subsequent decay of a second species, proposed to be {Cu2O2}, O/P, and (iii) 
growth of a third species {Cu3O2}, T (Scheme 2.4). Figure 2.5 shows UV-vis spectra of 
exemplary concentrations after 375 s at −80C, showing consistent chromophore growth 
at different CuI concentrations. Using λ = 520 nm, the absorbance data were plotted against 
time for all concentrations evaluated (Figure 2.6). To assume pseudo-first order kinetic 
conditions, there must be an excess of one reagent. Since in THF, [O2] is approximately 10 
mM, in the stopped-flow instrument upon mixing, [O2] is approximately 5 mM, and so 
only [CuI] < 3 mM were considered in the kinetic analysis of data.  
Associated rate constants for all reaction times evaluated for all concentrations 
considered can be found in Table 2.2. Data were fit in two different software programs, 
first in the JPlus Consulting Program ReactLab KINETICS (Table 2.2a), and then further 
kinetic analysis was performed with the Mathworks Curve Fitting toolbox in MATLAB 
(Table 2.2b). The second analysis was performed in order to increase confidence in these 
previously determined formation constants and extend analysis to consider the extinction 
coefficients of intermediates.  
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Three models for fitting data were attempted: two biphasic models in both fitting 
programs, and then a monophasic model only in ReactLab KINETICS. The first biphasic 
model incorporated all data in Table 2.2, but failed due to inconsistencies between shorter 
and longer reaction times. The second biphasic model considered differences in reaction 
times, analyzing shorter reaction times for the first reaction step and longer reaction times 
for the second reaction step (valid for analysis because for each stopped-flow experiment, 
500 spectra were taken, regardless of reaction time). This second model was found to be 
the best model for this data (bolded rows in Table 2.2 represent values considered in this 
model, with averages displayed in Table 2.3). The third model was a one-step analysis, 
only performed in ReactLab KINETICS, which also failed again due to variations at short 
versus long reaction times (Table 2.4). Additionally, a global analysis for both the 
successful two step model and the failed one step model was performed, further confirming 
the modeling approach that led to the fits in Table 2.3.85 The fitting process and models are 
discussed in more detail below. 
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Figure 2.5. UV-vis spectra of fully-formed TOC4F9 at different concentrations after 375 s 
at −80C. 
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Figure 2.6. Absorbance at  = 520 nm vs. time for seven different Cu concentrations after 
75 s at −80C. Only [CuI] < 3 mM were evaluated for kinetic analysis of Cu and O2 
reactivity. 
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Scheme 2.4. Proposed mechanism for formation of TOC4F9. 
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Table 2.2a. Summary of all kf values for attempted fit to two-step model (A  B  C) in 
ReactLab KINETICS. When all data was considered in contributing to two-step analysis, 
this model failed. However, when reaction time was taken into account, the model was 
successful (data considered in second this analysis is bold).  
[CuI] (mM) Time (s) k1-F (s-1) k2-F (s-1) Residual 
0.9 7.5 1.16(8)[a, b] 0.2(1)[a] 0.0012 
 15 1.08(4) 0.11(3) 0.0010 
 75 0.84(3) 0.009(1) 0.0012 
 150 0.87(4) 0.004(3) 0.0010 
 750 0.45(7) 0.00306(4) 0.0010 
 Average 0.88(5) 0.07(3) 0.0011 
2.23 7.5 1.02(5) 0.005 ± 0.03 0.0011 
 15 1.16(8) 0.072(9) 0.0010 
 37.5 0.99(5) 0.012(1) 0.0013 
 75 0.75(5) 0.0068(2) 0.0012 
 150 0.87(8) 0.00588(8) 0.0018 
 375 0.027(2) 0.00412(8) 0.0025 
 Average 0.80(5) 0.018(7) 0.0015 
2.85 7.5 1.1(1) 0.01(4) 0.0020 
 15 0.99(5) 0.018(4) 0.0010 
 75 0.67(4) 0.0118(1) 0.0015 
 150 0.38(2) 0.01011(6) 0.0018 
 375 0.029(1) 0.0065(1) 0.0020 
 Average 0.63(4) 0.011(9) 0.0017 
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[a] The error given for all kf values at each [Cu
I] represents the intra-experimental 
error, showing goodness of fit based on averaging kf values. On ReactLab KINETICS, 
generation of calculated kf values includes an error value that represents intra-
experimental error. Multiple fits were performed on each data set, and these kf values 
were then averaged producing the values given. 
[b] Error notation X(Y) means X ± Y. So for this exemplary value, 1.16(8) is 
equivalent to 1.16 ± 0.08. This notation will be used throughout this dissertation. 
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Table 2.2b. Summary of all kf values for attempted fit to two-step model (A  B  C) in 
the Curve Fitting Toolbox in MATLAB. Below are the same experiments that are presented 
in Table 2.2a.  
[CuI] 
(mM) 
Time (s) ε for O 
(M-1cm-1) 
ε for T 
(M-1cm-1) 
k1-F (s-1) k2-F (s-1) R-
squared 
0.9 7.5 28.32 61 0.821 0.001 0.9857 
 15 25.33 69.99 0.912 0.004 0.9802 
 75 27.63 66.83 0.820 0.004 0.9782 
 150 24.46 60.69 0.717 0.0041 0.9973 
 750 29.94 66.61 0.522 0.004 0.9906 
 Average 27.14 65.02 0.758 0.0034 0.9844 
2.23 7.5 11.12 87.88 1.268 0.0064 0.9836 
 15 11.23 19.34 1.826 0.095 0.9844 
 37.5 10.78 42.82 1.321 0.014 0.9962 
 75 9.74 70.12 0.901 0.0071 0.9989 
 150 9.97 68.34 0.878 0.0059 0.9991 
 375 10.5 96.26 0.345 0.0048 0.9996 
 Average 10.56 64.13 1.089 0.022 0.9936 
2.85 7.5 7.243 82.67 1.061 0.0081 0.9892 
 15 8.38 44.91 1.003 0.0191 0.9964 
 75 10.43 73.24 0.593 0.0103 0.9997 
 150 10.41 73.22 0.591 0.0103 0.9997 
 375 13.75 79.28 0.2 0.0081 0.9992 
 Average 10.04 70.66 0.690 0.011 0.9968 
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Table 2.3. Formation constants for {Cu2O2}, O, and {Cu3O2}, T, cores at different 
concentrations, using chosen biphasic fitting model. This model incorporates the 
reactions in bold in Table 2.2.  
[CuI] kf of OOC4F9 
(s-1)[a] 
kf of OOC4F9 
(s-1)[b] 
kf of TOC4F9  
(s-1)[a] 
kf of TOC4F9  
(s-1)[b] 
0.90 1.0(1)[c] 0.85(4)[c] 0.006(3)[c] 0.00402(3)[c] 
2.23 1.0(2) 1.5(3) 0.007(3) 0.0059(9) 
2.85 0.9(2) 1.03(3) 0.010(2) 0.01(1) 
Overall 
Average 
0.96(5) 1.1(3) 0.009(3) 0.008(2) 
[a] Average kf values determined in ReactLab KINETICS. 
[b] Average kf values determined in Curve Fitting Toolbox in MATLAB. 
[c] The error given for all kf values at each [Cu
I] represents the intra-experimental 
error, showing goodness of fit based on averaging kf values that were presented in 
Table 2.2. 
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Table 2.4. Summary of kf values for 4.95 mM at 520 nm, for attempted fit to one step 
model (A  B) in ReactLab KINETICS fitting program. This analysis was performed as 
proof of concept. Because the kf values are inconsistent with each other, and correspond to 
poor residuals, this was determined to be a failed model, indicating that a more complex 
(biphasic) model is required for these data.  
Time (s) kf-1step (s-1) Residual 
7.5 0.261(5) 0.0015 
15 0.065(2) -0.004 to 0.002, curved 
37.5 0.0167(4) Starts -0.008, then sharp increase to 
0.002, then stays flat 
75 0.01095(9) Starts at -0.004, sharp increase to 
0.0015, then flat 
150 0.00955(7) Starts at -0.015, sharp increase to 
0.002, then flat/slightly curved 
375 0.00744(4) Starts -0.02 to 0.005, then dip and 
back to 0.005 
1500 0.00623(6) Sharp increase from -.05 to 0.02, then 
dip and return to 0.01 
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Detailed analysis and fitting attempts reveal two observable steps, described below. 
Spectral analysis revealed the presence of two visible peaks at 520 nm and 602 nm that 
slowly grow in as TOC4F9 forms. As described above, absorbance vs. time data were 
extracted at 520 nm only, as the kinetic behavior at both wavelengths was the same. When 
data from the shortest time stamps (spectral evolution up to 7.5 and 15 s) were plotted, a 
dip appears that results from the change in pressure as the solutions from the syringes are 
mixed. This dip, lasting approximately 0.4 s, interfered with the determination of steps and 
formation constants in the formation of TOC4F9. The dip was removed by first eliminating 
only the x-values associated with this phenomenon, and then all x-values were subtracted 
from the first remaining x-value to shift the values to start at zero. An example of the data 
modification is shown in Figure 2.7. For data up to longer time stamps (greater than 75 s), 
this modification was not necessary, as the dip was minimal. The resulting data were then 
imported into JPlus Consulting program ReactLab KINETICS (Build 10, Version 1.1) or 
in the Mathworks Curve Fitting Toolbox in MATLAB R2020a. The fit of the modified 
data based on MATLAB fitting calculations is shown in Figure 2.8a. 
In the best fit, two steps were identified (A  B  C), proposed to be the initial 
formation of B as the dinuclear bis--oxo species OOC4F9, followed by the formation of C, 
the symmetric trinuclear core TOC4F9. Formation constants were determined for each 
process, with the best fit rate constant values given in Table 2.3. These values are consistent 
in both fitting analyses, further increasing confidence in the formation constants 
determined. The biphasic nature of the mechanism is supported by the absorbance vs. time 
curve shape, which is demonstrated in Figure 2.8b. 
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In Table 2.2, a model was evaluated which considered formation constants for all 
reaction times at all concentrations evaluated to determine rates of formation. Individual kf 
values for formation of O and T for each time stamp and concentration are shown in Table 
2.2. Though the averages (in italics) have some consistency, the individual formation 
constants have significant differences in formation constants at shorter versus longer 
reaction times, which made this a failed model. This observation is consistent in both fitting 
analyses. Additionally, in one case (2.23 mM at 7.5 s) for the second reaction step, 
formation of T, the error was larger than the kf value determined in ReactLab KINETICS, 
again pointing towards a failed model. For proof of concept, since no spectroscopic 
intermediates precede formation of T, a one-step fit was also attempted, as shown in Table 
2.4. However, this was unable to be fit and is thus also a failed model, showing that some 
mechanistic event must precede formation of T.   
By applying what was learned in the failed biphasic model described above and shown 
in Table 2.2, it is apparent that there are clear differences between kf values determined 
from shorter and longer reaction times, with the kf values at shorter reaction times 
substantially higher than those at longer reaction times. These observations are consistent 
in both ReactLab KINETICS and MATLAB, and are also in agreement with the proposed 
mechanism, namely initial formation of OOC4F9 followed by formation of TOC4F9. The data 
were then fit to this proposed mechanism. Formation of O would chronologically occur 
first. Thus, considering all of the data shown in Table 2.2, O formation would be best 
represented by shorter reaction times, dependent on the concentration evaluated but no 
longer than 150 s. Formation of T must occur after O formation and would be poorly 
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represented by shorter reaction times, as little T would have formed during this time. Thus, 
only reaction times longer than 15 s were used in the model for all evaluated concentrations 
in order to determine rate constants for the second mechanistic step.  
Table 2.2b also includes predicted extinction coefficients (ε, M-1cm-1) for both O and 
T. It is observed that the calculated ε of O is lower than ε of T, as the visible absorbance 
features continue to increase as the reaction proceeds. The average calculated extinction 
coefficients for T are relatively consistent in all evaluated concentrations, as expected. 
However, there is more variation for the calculated ε for O, with ε values at 27 for 0.9 mM 
[CuI], 11 for 2.23 mM, and 10 for 2.85 mM, respectively. This larger ε value at 0.9 mM 
[CuI] may be attributed to the very small absorbance being measured, demonstrated in 
Figure 2.6, and this may result in a greater amount of error for this value. 
Extinction coefficients for T at 520 nm average 64 - 71 M-1cm-1, an order of magnitude 
less than the previously reported value of 448 M-1cm-1 for this wavelength.63 This 
discrepancy between ε of T is not understood at this time but may be related to either 
experimental error or differences in instruments on which the data were recorded.  
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Figure 2.7. Absorbance at λ = 520 nm vs. time for [Cu] = 2.85 mM at 7.5 s before and 
after dip removal. 
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Figure 2.8a. Example of experimental vs. fit of absorbance at = 520 nm vs. time for [CuI] 
= 2.85 mM at 150 s generated in the Curve Fitting Toolbox in MATLAB, which shows 
both goodness of fit and biphasic nature of mechanism. 
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Figure 2.8b. Growth of absorbance feature at = 520 nm vs. time for [Cu] = 2.85 mM 
over 15 s. Shape of curve supports biphasic nature of mechanism. 
  
 
 
 
72 
 
 
Based on the kinetic analysis and as previously discussed, the first observable step 
toward trimer formation is the formation of a dinuclear intermediate {Cu2O2}, D, following 
the notation of Schemes 1.8 and 1.9, and is detected via kinetic analysis of the spectral 
changes in the visible region. The presence of D can be inferred from kinetic fitting of 
formation of the peak absorbance intensities at 520 nm and 602 nm.  
This presumed dimer has been assigned as a O, a bis-µ-oxo moiety, based on kinetic 
and spectroscopic reactivity characterization of the recently published 
K[Cu(pinF)(PPh3)],
65 a related fluorinated O-donor CuI complex, and previous work.63 
Upon reaction of K[Cu(pinF)(PPh3)] with O2 at −80 °C, a bis-µ-oxo intermediate, OpinF, 
was spectroscopically detected as a precursor to the final low-temperature stable symmetric 
trimer.65 The formation of OOC4F9 could be fit to pseudo-first order conditions in the early 
stages of the reaction, with a kf (k1-F) of 0.96(5) s
-1, determined on ReactLab KINETICS, 
or 1.1(3) s-1, determined on MATLAB. OOC4F9 has a short lifetime and may begin decaying 
even before it is fully formed. OOC4F9 quickly reacts with a third equivalent of CuI alkoxide, 
also under pseudo-first order conditions, to form the final proposed product, a symmetric 
trinuclear species TOC4F9. The conversion to TOC4F9 is the rate-determining step of this 
process, as confirmed by kinetic analysis of the formation, with a kf (k2-F) of 0.009(3) s
-1, 
determined on ReactLab KINETICS, or 0.008(2) s-1, determined on MATLAB.  
As suggested by previous manometry studies, as well as CSI-MS and resonance Raman 
spectroscopies herein, the final species is TOC4F9. With increasing reaction time, the growth 
of TOC4F9 increases more, which is consistent with assigning this species to the final T-type 
structure. As expected, as [Cu] increases, so do the absorbance(s) ( = 520 and 602 nm) at 
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a given reaction time (see Figure 2.4 to observe absorbance increase during one-time 
interval and Figure 2.5 for comparison of concentrations at 375 s). This trend is not seen 
with the rate constant. Since TOC4F9 was found to be stable for at least 3 hours at −78 °C, 
no kd was able to be determined (Figure 2.9). Upon warming to approximately −40 °C, 
TOC4F9 begins to decay.  
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Figure 2.9. Absorbance at  = 520 nm of {Cu3O2}3- from 5 mM initial CuI at −78 °C in 
THF over 219 minutes.  
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TOC4F9 can be directly compared to its fluorinated O-donor and bidentate counterpart, 
SyTpinF (Table 2.5).65 Both TOC4F9 and SyTpinF are the only fully O-donor {Cu3O2}
3- trimers 
published to date. These systems are proposed to form a trinuclear {Cu3O2}
3- core under 
pseudo-first order conditions upon exposure to THF saturated with O2 at −80 °C. As shown 
in Table 2.5, the initial formation for the dinuclear species with the monodentate ligand, 
OOC4F9, is faster than OpinF.    
 
 
 
 
  
Table 2.5. Comparison of monodentate-containing TOC4F9 versus bidentate-containing 
SyTpinF formation.  
{Cun−O2} Species λ monitored (nm) kf (s-1) Reference 
OpinF 480 0.418(1) 65 
OOC4F9 520 1.1(3)[a] This work 
SyTpinF 630 0.268(6) 65 
TOC4F9 520 0.008(2)[a] This work 
[a] Average kf values determined using Curve Fitting Toolbox in MATLAB, from 
Table 2.4. 
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The proposed mechanism of SyTpinF formation follows the step-wise addition pathway 
displayed in Scheme 2.2 and Scheme 2.4. Spectroscopically, immediately upon the start of 
reactivity, a peak grew in at 380 and 480 nm, and quickly decayed, giving way to final 
chromophores of 535 nm and 630 nm. The rate of formation of the peak at 630 was 
determined to not be equal to the rate of decay of the peak at 480 nm, suggesting an 
intermediate exists between the two.65 
Based on these observations, a mechanism was proposed. The CuI species initially 
reacts with O2 to form the monomeric MpinF (not observed due to short lifetime of less than 
0.75 s), followed reaction with additional CuI to form bis-µ-oxo OpinF. This step can be fit 
with pseudo-first order kinetics, with a kf (k1-F) of 0.418(1) s
-1 (monitored at 480 nm). 
Formation of OpinF can be observed at both 380 and 480 nm, wavelengths consistent with 
formation of the bis-µ-oxo species.63 As the proposed OpinF decays, the symmetric trimer, 
TpinF, is proposed to form, again fit to pseudo-first order kinetics with a kf (k2-F) of 0.268(6) 
s-1. However, as described above, kd of OpinF differs from kf of TpinF, revealing an additional 
intermediate, asymmetric trimer AsTpinF, before rearrangement to symmetric trimer SyTpinF. 
The detection of AsTpinF was supported by DFT calculations, which showed that AsTpinF 
was 15.8 kcal/mol higher in energy compared to the symmetric trimer, and so the 
rearrangement to SyTpinF is proposed to be thermodynamically favorable, assuming there 
are no energetic barriers to the rearrangement.65 The observation of AsTpinF was significant 
not just because of its instability, but also because an asymmetric trimer is believed to be 
an intermediate in the reduction of O2 to H2O by multicopper ascorbate oxidase, pMMO, 
and similar enzymes.15, 130-132  
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Unlike OpinF, which has distinct UV-vis absorbances that can be monitored for both 
formation and decay into the final TpinF, the proposed OOC4F9 is clearly more reactive, as 
this intermediate is not distinct spectroscopically. Kinetic analysis reveals that at least one 
{Cun−O2} intermediate is forming prior to the proposed TOC4F9. It must still be the case 
that the SyTOC4F9 species is preceded by formation of AsTOC4F9, but no intermediate 
AsTOC4F9 is observed in this study. Asymmetric trimers are mechanistically a logical 
intermediate between dimers and symmetric trimers{Cu3O2} but are rarely observed,
65 
therefore the absence of AsTOC4F9 in our evaluation is not surprising.  
While several other trimeric {Cu3O2} systems have been published, to date, only 
THPy1MeMe165 and SyTpinF65 have been evaluated kinetically for mechanism of formation. 
Notably, in formation of THPy1MeMe, the starting CuI was reacted with O2 at low temperature 
and a mononuclear copper(II)-superoxo intermediate was detected, whose formation was 
fit to pseudo-first order kinetics, with kfobs =0.059(2) s
-1. Subsequent reaction with another 
CuI equivalent yielded a µ-ƞ2:ƞ2-peroxodicopper (II) core which converted to the final T 
upon reaction with a third CuI species.165  
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2.3.3. Substrate Reactivity of TOC4F9 vs. SyTpinF 
 
Scheme 2.5. Dual monooxygenase/oxidase reactivity of TOC4F9. 
 
To date, SyTpinF has only been demonstrated to effect oxidase chemistry.65 During 
formation of SyTpinF, PPh3 is oxidized to OPPh3 stoichiometrically, concomitant with loss 
of the phosphine ligand during trimer formation. Additionally, SyTpinF can catalytically 
oxidize para-hydroquinone (H2Q) to para-benzoquinone (BQ). The identity of the 
phosphine component, PPh3 or PCy3, was found to influence the turnover number (TON) 
slightly, as PPh3-containing reactants had a TON of 8(1) with 5 mM [Cu
I] while PCy3-
containing reactants had a TON of 14(2). The reason for this modest difference is not 
understood. The presence or absence of 18-crown-6 had little effect on turnover.65  
This successful catalysis led us to investigate TOC4F9 under the same conditions. The 
unique reactivity of TOC4F9 is summarized in Scheme 2.5. Like SyTpinF, TOC4F9, or a very 
closely related species, can catalyze the oxidation of H2Q to BQ. Using the same conditions 
as for SyTpinF, 10 equivalents of H2Q were added to the pre-formed trimer. Quantitative 
1H 
NMR spectroscopy demonstrated the catalytic conversion of H2Q to BQ, with a TON of 7. 
Molecular sieves (3 Å) were added to this reaction to remove product H2O and raise the 
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TON; however, both the TON and amount of product collection were lower. The TOC4F9 
core was also observed to self-assemble, as when K[Cu(OC4F9)2] and 10 equivalents of 
H2Q are combined, followed by addition of O2 at low temperatures, similar TONs are 
observed. Compared to both pinF systems, the TON for TOC4F9 is comparable, slightly 
higher than that with PPh3 but less than with the PCy3 complex (a comparison between two 
TpinF species and TOC4F9 given in Table 2.6; details of individual runs with TOC4F9 can be 
found in Table 2.7). Additionally, a control experiment was performed combining substrate 
and O2, demonstrating Cu
I is required for H2Q oxidation to occur. 
These results suggest that the oxidase capacity for each system is similar and the extent 
of oxidase chemistry is not dependent on whether the ligand is monodentate or bidentate. 
Interestingly, as revealed by 1H NMR studies, TOC4F9 has other reactivity that accounts for 
less clean conversion as compared to SyTpinF, which has nearly full mass balance observed 
between the product and remaining reactant (Figures 2.10 and 2.11).65 As shown in Table 
2.8, collection of H2Q and BQ in the monodentate system ranges from 29% to 67%, 
indicating some additional unknown reactivity. On the other hand, for H2Q oxidation by 
the bidentate SyTpinF, nearly all of the initially-added H2Q can be accounted for as either 
unreacted H2Q or the oxidized BQ, with average recovery rates ranging from 80% to 99%. 
Although the recovery rate is lower for the TOC4F9 system, this additional reactivity is not 
understood in detail. The less selective reactivity of the monodentate complexes is 
attributed to a more flexible and reactive core that is not permitted with the rigid bidentate 
pinF ligand. 
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Table 2.6. Summary of catalytic H2Q oxidation to BQ by TOC4F9 vs. TpinF in THF at  
−78° C. 
CuI Source [CuI] 
(mM) 
CuI 
(equiv) 
Initial 
H2Q 
(equiv) 
Final 
H2Q 
(equiv) 
Final 
BQ 
(equiv) 
TON (per 
{Cu3O2} 
unit) 
K[Cu(OC4F9)2] 5.0 1.0 10.0(0) 3(1) 2.6(6) 7.1(5) 
K[Cu(PPh3)(pin
F)]65 5.0 1.0 10.0(0) 7(1) 2.6(2) 7.9(6) 
K[Cu(PCy3)(pin
F)]65 5.0 1.0 10.0(0) 4.8(4) 4.6(6) 14(2) 
H2Q + O2 0 0 10.0(0) 8.9 0 0 
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Table 2.7. Catalytic H2Q oxidation to BQ by TOC4F9 in THF at −78°C.  
[CuI] 
[mM] 
CuI 
[equiv] 
Initial 
H2Q 
[equiv] 
Final 
H2Q 
[equiv] 
Final 
BQ 
[equiv] 
% 
Recovered 
(H2Q + BQ) 
TON 
5.00[a] 1.00 10.10 4.10 2.63 67 7.9 
5.00[a] 1.00 9.99 4.18 3.78 48 7.2 
5.00[a] 1.00 9.99 1.30 2.23 35 6.7 
5.00[a] 1.00 10.00 2.19 2.19 44 6.6 
5.00[a] 1.00 10.00 2.37 2.20 46 6.6 
5.00[b] 1.00 10.00 1.74 2.00 37 6.0 
5.00[b] 1.00 10.00 1.44 1.44 29 4.3 
5.00[c] 1.00 10.00 2.69 2.69 54 8.1 
5.00[c] 1.00 10.00 2.16 2.38 45 7.1 
[a] Catalytic reactions with TOC4F9 catalyzing conversion of H2Q to BQ. Initial H2Q 
based on CuI, and final H2Q and BQ based on initial H2Q, determined by quantitative 
1H NMR. TON based on TOC4F9. 
[b] Addition of sieves to catalytic reactions with TOC4F9 catalyzing conversion of H2Q 
to BQ. 
[c] Self-assembly reactions of TOC4F9 with H2Q. 
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Figure 2.10. 1H NMR spectrum from the fifth run in Table 2.7 showing catalytic H2Q to 
BQ conversion in d6-acetone, inset of full spectrum into aromatic region. 
1H NMR taken 
after reaction was warmed to room temperature and concentrated, with DMSO added as an 
internal standard. A relaxation delay of 5 seconds was used. 
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Figure 2.11. Representative full 1H NMR spectrum showing catalytic H2Q to BQ 
conversion in d6-acetone, also from the fifth run in Table 2.7. 
1H NMR taken after reaction 
was warmed to room temperature and concentrated, with DMSO added as an internal 
standard. A relaxation delay of 5 seconds was used. 
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Hydroxylation (monooxygenase) reactivity was also investigated with both SyTpinF and 
TOC4F9, which had not been previously explored with either system. Excitingly, TOC4F9 was 
found to stoichiometrically oxidize sodium 2,4-di-tert-butylphenolate (DBP) to 3,5-di-tert-
butylbenzene-1,2-diol (DBC), which was detected as catechol (H2DBC) after acid workup. 
These reactions were performed with assistance from Emily Norwine, BU ’18. Conditions 
required for maximum conversion were adding substrate to pre-formed trimer at −78 °C, 
followed by warming to room temperature and quenching with excess HCl.  
Quantitative 1H NMR spectroscopy reveals a TON of 0.91 (a comparison of the results 
between 1 eq and 5 eq of DBP added to TOC4F9 is given in Table 2.8; details of individual 
runs with TOC4F9 can be found in Table 2.9). The primary catechol formed is 3,5-di-tert-
butylbenzene-1,2-diol (product A in Table 2.9), confirmed with an independent sample, 
however, 10% of reactions yielded a second catechol, probably 4,6-di-tert-butylbenzene-
1,3-diol (product B in Table 2.9). (See Figures 2.12, 2.13 and 2.14 where a representative 
1H NMR showing formation of each catechol product can be seen.) A control experiment 
was performed combining substrate and O2, confirming Cu
I is required to oxidize DBP. 
With the assistance of Marek Domin from Boston College, catechol production was also 
confirmed by DART+ MS, shown in Figure 2.15. 
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Table 2.8. Average hydroxylation of DBP to catechol by TOC4F9. 
[CuI] 
(mM) 
CuI (equiv) Initial 
Phenolate 
(equiv) 
Final 
Phenol 
(equiv) 
Final 
Catechol 
(equiv) 
TON (per 
{Cu3O2} 
unit) 
5.0 1.0 1.0(0) 0.7(5) 0.1(1) 0.30 
5.0 1.0 5.0(0) 2.9(5) 0.3(1) 0.91 
0[a] 0 5.0 3.4 0 0 
[a] Control reaction to confirm that CuI required for hydroxylation of DBP. 
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Table 2.9. Products of DBP hydroxylation by TOC4F9. Reactions performed with assistance from Emily Norwine, BU ’18. 
[CuI] 
[mM] 
CuI 
[equiv] 
Initial 
DBP 
[equiv] 
Final 
DBP 
[equiv] 
Final DBC 
[equiv] 
Total % 
Collected 
(Phenol+ 
Catechol) 
%Conversion 
(based on 1 
{Cu3O2} unit) 
Product A or B, 
Shifts (ppm) 
5.00[a] 1.00 1.00 0.83 0.09 90 27 A (6.82, 6.73) 
5.00[a] 1.00 1.00 0.60 0.10 70 30 A (6.69, 6.79) 
5.00[a] 1.00 1.00 0.63 0.21 84 63 A (6.80, 6.69) 
5.00[a] 1.00 5.00 3.70 0.20 78 60 A (6.84, 6.75) 
5.00[a] 1.00 5.00 3.50 0.45 79 135 A (6.81, 7.72) 
5.00[a] 1.00 5.00 2.75 0.20 59 60 A (6.82, 6.74) 
5.00[a] 1.00 5.00 2.85 0.20 61 60 A (6.72, 6.84) 
5.00[a] 1.00 5.00 2.85 0.25 62 75 A (6.84, 6.76) 
5.00[a] 1.00 5.00 2.10 0.25 47 75 A (6.82, 6.74) 
5.00[a] 1.00 5.00 2.60 0.35 59 105 A (6.84, 6.76) 
5.00[a] 1.00 4.99 2.40 0.30 54 90 A (6.83, 6.74) 
5.00[a] 1.00 4.98 2.50 0.55 61 165 A (6.82, 6.76) 
5.00[a] 1.00 5.02 2.31 0.35 53 105 A (6.76, 6.61) 
5.00[a] 1.00 5.05 3.20 0.30 69 90 A (6.76, 6.61) 
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Table 2.9. Continued. 
[CuI] 
[mM] 
CuI 
[equiv] 
Initial 
DBP 
[equiv] 
Final 
DBP 
[equiv] 
Final DBC 
[equiv] 
Total % 
Collected 
(Phenol+ 
Catechol) 
%Conversion 
(based on 1 
{Cu3O2} unit) 
Product A or B, 
Shifts (ppm) 
5.00[a] 1.00 5.00 3.74 0.38 82 114 A (6.86, 6.79);     
B (6.98, 6.21) 
5.00[a] 1.00 5.00 3.62 0.38 80 114 B (6.97, 6.21) 
5.00[b] 1.00 5.000 1.84 0.14 40 42 A (6.86, 6.78) 
[a] TOC4F9 formed by addition of 
16O. 
[b] To confirm hydroxylation directly performed by TOC4F9, labeling experiment performed with 18O. 
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Figure 2.12. Representative aromatic region of the 1H NMR spectrum from the tenth row 
in Table 2.9 showing catechol product A formation in CD2Cl2. 
1H NMR data collected after 
reaction was warmed to room temperature, quenched and extracted into organic solvent, 
with acetophenone added as an internal standard. A relaxation delay of 5 seconds was used. 
The full spectrum can be seen in Figure 2.13. 
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Figure 2.13. Corresponding full 1H NMR spectrum of Figure 2.12, showing catechol 
product A formation in CD2Cl2. 
1H NMR taken after reaction was warmed to room 
temperature, quenched and extracted into organic solvent, with acetophenone added as an 
internal standard. A relaxation delay of 5 seconds was used. 
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Figure 2.14. Representative aromatic region 1H NMR spectrum showing catechol product 
B formation in CD2Cl2, from the 16
th row in Table 2.9. 1H NMR data collected after 
reaction was warmed to room temperature, quenched and extracted into organic solvent, 
with acetophenone added as an internal standard. A relaxation delay of 5 seconds was used. 
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Figure 2.15. Identification of unlabeled (16O, natural abundance) catechol by DART+ MS.  
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In order to confirm that TOC4F9 was performing the hydroxylation, 18O labeling 
experiments were carried out, as described in section 2.2.9. Under identical conditions as 
formation of TOC4F9 with 16O2, labeled 
18O TOC4F9 species was formed, substrate DBP was 
then added, and hydroxylation was again confirmed by 1H NMR. The 3,5-di-tert-
butylbenzene-1,2-diol was observed via 1H NMR spectroscopy, shown in Figure 2.16, with 
no biphenyl or other products observed. This was further confirmed by analysis with 
DART+ MS (Figure 2.17), with observation of both labeled and unlabeled catechol. As 
above, the DART+ MS experiment was performed by Marek Domin at Boston College. 
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Figure 2.16. 1H NMR spectrum of the aromatic region showing isotopically labeled (18O) 
catechol. 1H NMR data collected after reaction was warmed to room temperature, 
quenched and extracted into organic solvent, with acetophenone added as an internal 
standard. A relaxation delay of 5 seconds was used. 
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Figure 2.17. Identification of isotopically labeled (18O) catechol by DART+ MS.  
 
This product heterogeneity with TOC4F9 can be attributed to similar side reactivity that 
reduces the yield in the H2Q oxidation by TOC4F9. Trimer SyTpinF was evaluated under the 
same reaction conditions; however, no hydroxylation was observed, suggesting that 
possible core flexibility unique to TOC4F9 is required for substrate hydroxylation.  
The substrates sodium 4-methoxyphenolate, sodium 2,4-dimethylphenolate, and 
sodium 8-hydroxyquinolinate were also evaluated under identical conditions, but no 
oxygenase or oxidase reactivity was evident in these substrates with either trimer. No 
benzylic oxidation of 2,4-di-tert-butylphenol (HDBP) was observed with the addition of 
two equivalents of Et3N per phenol. Emily Norwine BU ’18 again assisted with these 
reactivity attempts. 
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Only a couple of examples, to our knowledge, exist of tricopper complexes that can 
perform C−H oxidation chemistry with O2. Ligands described below are able to form 
{Cu3Oy} species upon exposure of respective Cu
I complex to O2 and are depicted in 
Scheme 2.6.  
A [CuICuICuI(L)]+ complex, in which L is defined as 7-Me, 7-Et, or 7-N-Meppz, has a 
mixed N/O donor ligand able to support three CuI centers that, when exposed to O2, forms 
a presumed bis(µ3-oxo)Cu
IICuIICuIII moiety54, 55 that are claimed to facilitate both O-atom 
transfer with benzil and 2,3-butanedione55, and C−H oxidation of CH3CN to CH2OHCN55, 
and CH4 to CH3OH.
53 Similarly, a Cu3
I cyclophanate, supported by ligand H3L, that can be 
oxidized to Cu3(3-O)L has oxidative activity with numerous substrates, including C−H 
oxidations of DHA to anthracene and toluene to benzaldehyde, and oxygen atom transfer 
(OAT) reactions, oxidizing ethyl methyl sulfide, EtSMe, to EtS(O)Me and performing the 
epoxidation of styrene.166 The TOC4F9 system is the first T species to perform both 
components of tyrosinase chemistry (oxidase and hydroxylation/monooxygenase) and is 
the first O-donor system to perform hydroxylation reactivity, with potential relevance for 
future oxidation studies in O-donor materials. 
Other symmetric {Cu3(µ3-O)2} systems are able to perform oxidase or O-transfer 
chemistry. Most recently, a tris-triamine ligand built on a 1,3,5 substituted phenyl group, 
the tateb ligand, was shown to coordinate three CuI atoms, each having a coordination 
number of three as the ligand binds in a tridentate fashion. When the tris-CuI complex was 
exposed to O2, [Cu
IICuII(O2
3-)CuII] was formed, through intermediate [CuICuII(O2
2-)CuII]. 
When the reduced species was combined with O2, Fc* and TFA, the highly reactive and 
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therefore unstable core was found to catalyze the 4e-/4H+ reduction of O2 to H2O, with 
TON = 32.167 No report was made of the fate of the core or other side products. 
Both TTMCD119 and THPy1MeMe165 perform oxidative coupling of DBP with high yield. 
Additionally, T-DKT facilitates the stoichiometric O-transfer to PPh3 forming OPPh3.
88 The 
histamine-type ligands in TnBu, TMe2, and TMe3, with ligands shown in Scheme 2.6, were 
investigated for hydrogen atom transfer (HAT) reactivity with 5,6-isopropylidene ascorbic 
acid to compare rates of reactivity between the trimers and the bis-µ-oxo reactive species 
of the same ligand family.118 These trimeric cores were found to have slower reactivity 
compared to their dimeric counterparts, and the less sterically encumbered the reactive 
core, the faster the intermolecular oxidation reactivity.  
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Scheme 2.6. Ligands that support {Cu3Oy} intermediates.  
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While the reported hydroxylation reactivity by TOC4F9 described above is the first by a 
fully O-donor T core, there are many literature examples of side-on {Cu2(22-O2)} cores 
with N-donors performing phenolic hydroxylation chemistry.16 Many of these are 
tyrosinase models.1, 5, 7, 8, 110, 111, 116-118, 126, 127, 144-152 These complex systems feature µ-ƞ2:ƞ2-
peroxodicopper (II) core to model the active site of tyrosinase, and these systems are able 
to perform both stoichiometric o-phenolate oxidation and catalytic o-phenol oxidation for 
phenolic substrates with a range of electron donation. A notable recent example presents a 
µ-ƞ2:ƞ2-peroxodicopper (II) core stabilized by three monodentate histidine Nτ-imidazoles, 
significant due to biological relevance, that can stoichiometrically convert phenolates to 
catecholates.145  
There are also examples of arene hydroxylation by {Cu2(-O)2} centers. A recent 
example is a such a reactive dinuclear core supported by tridentate N-donor N-(3-
hydroxyphenyl)methyl-bis-(2-picolyl)-amine that oxidizes an attached phenol directly to 
ortho-quinone.168 Similarly, a bis-µ-oxo complex featuring a meta-xylyl-bridged dinuclear 
tridentate N-donor ligand can perform the phenol ortho-hydroxylation. Notably, the active 
center was identified as a bis-µ-oxo core using resonance Raman spectroscopy during 
hydroxylation of p-chlorophenolate.144 A bis-µ-oxo complex with 2-(diethylaminoethyl)-
6-phenylpyridine bidentate ligands was found to perform hydroxylation of an appended 
arene, with the products being aldehydes. DFT calculations confirm the bis-µ-oxo core as 
the active center.169, 170 Lastly, a bis-µ-oxo complex was found to perform intramolecular 
oxidation of a bridging arene in addition to DBP, yielding a C−C coupled dimer, catechol 
and trace amounts of quinone.171  
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2.4. Conclusions 
To date, two different O-donor ligand systems in CuI and O2 reactivity have been 
investigated, TOC4F9 and TpinF, enabling the analysis of similarities and differences. 
Monodentate O-donor fully fluorinated CuI complex K[Cu(OC4F9)2] was previously 
shown to form a reactive {Cu3(3-O)2}3- core, TOC4F9.63 An expanded kinetic analysis of 
TOC4F9 provides a proposed mechanism of formation, including a presumed {Cu2(2-O)2} 
intermediate followed by final symmetric trimer TOC4F9 formation, which is the only 
directly observable species. The TOC4F9 resonance Raman spectrum was also measured, 
which is the first measurement for any {Cu3O2} T species.  
TOC4F9 is a special {Cu3O2} core that can perform both oxidase and oxygenase 
chemistry. Specifically, TOC4F9 can oxidize H2Q to BQ catalytically, and DBP to DBC 
stoichiometrically, the latter confirmed by a labeling experiment with 18O2. This dual 
reactivity is unique to the monodentate ligand system, whereas the related fully fluorinated 
bidentate ligand system, SyTpinF, only performs H2Q oxidase chemistry. This difference in 
reactivity between ligand systems is attributed to the greater flexibility of the monodentate 
ligand, allowing for a more accessible reactive center. The hydroxylation of DBP by TOC4F9 
is especially noteworthy, as this is one of few trinuclear Cu systems reported to date capable 
of monooxygenase reactivity. Future studies will involve further kinetic and substrate 
investigations of similar systems, including studying the effect of cation and encapsulation 
on trimer formation and subsequent reactivity, in order to increase understanding of C−H 
bond oxidation by 3d metals in O-donor environments. 
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CHAPTER 3: The Effect of Cation and Encapsulation on CuI Fluorinated Alkoxide 
Reactivity with O2 
 
3.1 Introduction 
 Redox-inactive metals have been shown to influence chemical reactivity in both 
synthetic and biological settings. Specifically, non-redox active metals can affect redox 
processes as well as reactivity of proximal transition metal centers. In terms of redox 
processes, electrochemical investigation of inorganic complexes revealed that generally, 
the presence of redox-inactive metals causes an anodic shift of reduction potentials, thus 
increasing the rate of electron transfer. The most notable example is a neutral ferrocene 
equipped with an appended benzo-15-crown-5 (benzo-15C5) that exhibited an 
approximately 70 mV anodic shift in the FeIII/II couple upon introduction of an alkali salt 
with a non-coordinating anion.172 Additional studies suggest that the mechanism involves 
the electrostatic effect extending through the π-system of the conjugated arene.173 Further 
studies illustrate that when the transition metal and redox-inactive metal are incorporated 
into the same complex, the closer in proximity the counter-cation is to the transition metal, 
the greater the observed effect on both the redox potential and ease of electron transfer to 
the transition metal.174-180 This has also been extended to include the effects of 
counteranions on redox processes, such as a study in which non-coordinating 
counteranions improved the rate of reaction of a photocatalytic Diels-Alder cycloaddition 
by a RuII polypyridyl catalyst, whereas coordinating counteranions had the opposite 
effect.181 This study ultimately suggested that the Coulombic interactions proposed to be 
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behind these observations show that anion identity can influence such reactivity, possibly 
due to a change in redox potential and is thus being evaluated further.  
In addition to altering redox properties, redox-inactive metals can also tune reactivity. 
Notably, non-redox active metals were determined to bind to superoxide by EPR.182 In this 
study, superoxide was generated in a photoreduction reaction through combination of O2 
with dimeric 1-benzyl-1,4-dihydronicotinamide and was then evaluated by EPR both alone 
and in the presence of non-redox active metal cations. There was an observed shift in EPR 
g values with the presence of metal cations, suggesting the presence of an interaction, and 
these shifts were then used to calculate binding energies between the cation and superoxide 
to order the cations based on Lewis acidity. Since that time, the reduction of O2 by 3d 
metals has been shown to be influenced by redox-inactive metals in some complex systems. 
In the reduction of O2 by some Cr
II complexes, for example, alkali metals Li+, Na+, and K+ 
were shown to stabilize an end-on {CrIII(1-O2)}superoxo intermediate by binding to the 
terminal O atom,183, 184 and in one case, the presence of other redox inactive metals (Ca2+, 
Mg2+, Y3+, Sc3+, Al3+) was found to promote electron transfer from octamethylferrocene to 
a different end-on {CrIII(1-O2)} superoxo complex.185 Similarly, sulfonamide-based 
tripodal ligand N,N′,N′′-[2,2′,2′′-nitrilotris(ethane-2,1-
diyl)]tris(2,4,6trimethylbenzenesulfonamido) ([MST]3–) was used to synthesize complexes 
A[MIIMST] (M defined as Mn, Fe) with a partially encapsulated non-redox active metal 
(A defined as Ca2+, Sr2+, Ba2+) in the secondary coordination sphere. Only with a redox 
inactive metal available does O2 reduction occur. This reaction was believed to proceed via 
an in situ {MII-AII} species able to coordinate O2 and ultimately resulted in formation of a 
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terminal {MIII-OH} species.186, 187 Additionally, the reduction of a {NiII(2-O2)} superoxo 
species, stabilized by a β‐diketiminate ligand, by K(s) led to the isolation of the 
heterobimetallic NiII-peroxo core {Ni(,η2:η2-O2)K}, which incorporated side-on binding 
of the peroxo unit to Lewis acidic K+.188 
More work in this area was done with {Fen−Oy} systems, all supported by non-heme 
N-donor ligand environments. Addition of a redox inactive metal was shown to promote 
O2 reduction by Fe
II,189, 190 and in one case, binding of a redox-inactive metal to a 
mononuclear side-on {FeIII(2-O2)} peroxo species, thus forming {FeIII(,η2:η2-O2)-A} (A 
defined as Sc3+, Y3+). This species enabled a one electron reduction of the O−O bond, 
resulting in formation of a FeIV-oxo complex.191 In another example, the Lewis acidic metal 
was found to bind side-on to the two O atoms of a {FeIII(2-O2)} peroxo core, similar to 
the example just described, and the identity of the Lewis acid affected the redox 
properties.192, 193 The more Lewis acidic the redox inactive metal, the better the electron 
transfer and electrophilic reactivity, and the worse the nucleophilic reactivity became.192 
Furthermore, the addition of a redox inactive metal to a {Fen−Oy} intermediate was shown 
to enhance intermolecular oxidation processes. For example, the addition of Lewis acidic 
Sc3+ was shown to enhance intermolecular substrate hydroxylation, including catalytic 
benzene and cyclohexane hydroxylation to phenol and cyclohexanol by a {FeIII(η1-OOH)} 
core, through a proposed FeV-oxo intermediate,194 as well as stoichiometric cyclohexane 
oxidation by a proposed FeIV-oxo-hydroxo species.195 Numerous high-valent metal oxo 
species, predominantly with Fe and Mn, were able to be activated and displayed enhanced 
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electron transfer and intermolecular oxidation capabilities due to the addition of non-redox 
active Lewis acidic metals and were detailed in a recent review.196  
In contrast, little investigation has been done on the effect of redox inactive metals in 
the realm of {Cun−O2} chemistry. The lone example is in the first isolation of the {CuII2(μ-
η1:η1-O2)} core with cis-peroxo geometry, in which there is a bent angle between the end-
on peroxo unit and each CuII center, which allows binding of Na+ both in the solid state 
and in solution.197 In the development of {Cun−O2} systems, the ligands used are typically 
neutral, resulting in few cases where the Cu species is anionic. Specifically, in 
characterized symmetric trinuclear cores of the form {CuII2Cu
III(3-O2)}, T, only the 
complexes in which O-donor fluorinated ligands are employed are anionic,63, 65, 85, 198 while 
the rest are cationic or neutral.87, 88, 118, 119, 165, 199, 200 These anionic {Cun−O2} complexes 
represent an opportunity to evaluate the influence of cations on {Cun−O2} species 
properties and reactivity. 
Previously, as discussed in Chapter 1, anionic symmetric trinuclear cores TOC4F9,63, 85 
with monodentate anionic perfluoro-tert-butoxide ligands, and SyTpinF,65 with bidentate 
anionic perfluoropinacolate (pinF) ligands, were characterized with three K cations.198 
Intermediate SyTpinF formed when CuI complex A[(R3P)Cu(pin
F)] (A defined as K+, R 
defined as Ph (12); A defined as K+, R defined as cyclohexane (cy) (13); A defined as 
{K(18C6)}+, R defined as Ph (14); A defined {K(18C6)}+, R defined as cy (15)) was 
exposed to O2 at low temperature in THF. While the SyTpinF formed regardless of K
+ 
encapsulation in the starting CuI complex,65 K+ encapsulation of TOC4F9 precursor 
K[Cu(OC4F9)2] (1), to make {K(18C6)}[Cu(OC4F9)2], (4), resulted in no reactivity with O2 
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(Scheme 3.1).63 For TOC4F9, based on the previously published solid state structures of CuI 
complexes and bond valence analysis, it was hypothesized that K…F/O interactions may 
result in formation of {Cun} polynuclear species in solution that are required to provide 
enough electrons to reduce O2, resulting in formation of T.
63 More recently, this series was 
extended to include Na+, with observations that complement those of the K+ series.201  
Herein, the identity of redox-inactive cations and their degree of encapsulation on O2 
reduction will be discussed for the [Cu(OC4F9)2]
− complex series, with expansion to 
include Cs+ as a cation. Ultimately, cation…F/O interactions were shown to influence 
formation of a reactive {Cun−O2} intermediate as well as intermolecular oxidase and 
oxygenase reactivity. 
  
 
Scheme 3.1. Effect of encapsulation on O2 reduction by A[Cu(OC4F9)2] complexes, 
whereas encapsulation has no effect on the reactivity of A[(Ph3P)Cu(pin
F)] complexes. 
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3.2. Experimental 
3.2.1. General Procedures 
All complexes were prepared at room temperature in an MBraun purified N2-filled 
drybox. Hexanes, CH2Cl2, and Et2O were dried in an alumina-based solvent purification 
system (SPS) under Ar and directly connected to the drybox and stored over molecular 
sieves. THF, toluene, and dimethoxyethane (DME) were dried by refluxing over 
Na/benzophenone under an N2 atmosphere, distilled, and stored over molecular sieves. 
NMR samples of CuI complexes were prepared under N2 using d6-acetone, which was 
stored over sieves in the drybox. NMR samples of worked-up substrate reactions were 
prepared in air using d6-acetone or CD2Cl2. HOC4F9 was obtained from Oakwood 
Chemicals and was dried over sieves, distilled, and stored over sieves in the drybox. 
Reagents {Cu(mes)}n, NaOC4F9, and KOC4F9 were prepared according to the previously 
reported methods.50, 66, 202 Related complexes K[Cu(OC4F9)2] (1) and 
{K(18C6)}[Cu(OC4F9)2] (4) were prepared according to the previously published 
methods.63 Sodium cation CuI complexes Na[Cu(OC4F9)2] (16), {Na(DME)}[Cu(OC4F9)2] 
(17), and {Na(15C5)}[Cu(OC4F9)2] (18) were prepared as reported.
201 para-Hydroquinone 
(H2Q) and 2,4-di-tert-butylphenol (HDBP) were obtained from Sigma Aldrich. Sodium 
2,4-di-tert-butylphenolate (DBP) was prepared by combining the phenol and sodium 
hydride at low temperature, as previously described.144 All other reagents were obtained 
commercially and used without further purification. 
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3.2.2. Physical Methods 
UV-vis data were collected with a Shimadzu UV−3600 spectrometer. Low temperature 
data (from 0 °C to −80 °C) were collected by use of a jacketed Unisoku thermostated cell 
holder. NMR spectra were recorded on a Varian 500 MHz spectrometer at room 
temperature. Chemical shifts for 1H and 13C{1H} were referenced to resonance of residual 
protiosolvent or the 13C{1H} resonance of the solvent, and CFCl3 was used as an external 
standard for 19F NMR spectra. Elemental analyses were performed by Atlantic Microlabs, 
Inc. (Norcross, Georgia). 
3.2.3. X-ray Crystallography and Structure Determination 
All single-crystal X-ray diffraction data collections and solutions/refinements were 
performed by Prof. Arnold Rheingold at the University of California, San Diego. Suitable 
crystals of 21 and 22 were selected and data were collected on a Bruker APEX-II CCD 
diffractometer. The crystals were kept at 100 K during data collection. Using Olex2,203 the 
structures were solved with the XT158 structure solution program using Direct Methods 
and refined with the XL159 refinement package using Least Squares minimization. X-ray 
collection parameters are collected in Table 3.2.  
3.2.4. Preparation of Cs+ Alkoxides  
CsOC4F9: In a glovebox, a 1 g (7.52 mmol) ampule of Cs(s) was opened into a Schlenk 
flask equipped with a glass stir bar and 40 mL of THF. The flask was transferred to the 
Schlenk line and cooled to −78 °C using dry ice/acetone, upon which HOC4F9 (1.776 g, 
7.524 mmol) from the benchtop was added in two aliquots. The low temperature bath was 
removed after 10 min, and the solution was allowed to warm to room temperature while 
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stirring, upon which the evolution of H2(g) was observed. After 3 h, the reaction was heated 
to 50 °C in order to promote reactivity. The solution was cooled to RT and allowed to stir 
overnight. After this time, there was still some unreacted Cs(s), and so an additional amount 
of HOC4F9 (0.254 g, 1.076 mmol) was added, and the solution was allowed to stir at 50 °C 
for 4 h, after which time the reaction was complete. The slightly cloudy solution was 
concentrated to a white solid and brought back into the glovebox. Upon dissolution in THF, 
the product was filtered over Celite, affording a pale yellow solution. This solution was 
concentrated, triturated twice with hexanes, and recrystallized by layering THF with 
CH2Cl2, affording white microcrystalline material (62.7%). Anal. Calcd. for CsOC4F9: C, 
13.06; F, 46.47. Found: C, 13.96; H, 0.11; F, 45.18. Low F values are sometimes observed 
for alkoxide compounds due to incomplete combustion. There may also be some residual 
THF in the solvent, but this material was used without further purification. 
{Cs(18C6)OC4F9}: To a slurry of crude CsOC4F9 (3.260 g, 8.860 mmol) in 40 mL THF, 1 
eq of 18C6 (2.342 g, 8.860 mmol) in 1 mL THF was added, resulting in a color change to 
clear light yellow. The solution was allowed to stir overnight. The solution was then 
concentrated to a white solid, and triturated with hexanes three times to afford a white 
powder. Recrystallization by layering THF with hexanes at −30 °C afforded colorless 
crystals in a 72% yield (3.435 g). 1H NMR (500 MHz, d6-acetone), δ = 3.64 ppm (s, 24H, 
C12H24O6). 
13C NMR (125 MHz, d6-acetone), δ = 70.82 ppm (s, C12H24O6). 19F NMR (470 
MHz, d6-acetone), δ = −75.35 ppm (s, OC(CF3)3). Anal. Calcd. for C16H24CsF9O7: C, 
30.40; H, 3.83; F, 27.04. Found: C, 30.26; H, 3.97; F, 26.84. 
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3.2.5. Preparation of CuI Alkoxide Complexes 
{K(15C5)}[Cu(OC4F9)2] (19): A solution of 15C5 (0.0885 g, 0.401 mmol) in 1 mL Et2O 
was added to a 5 mL Et2O solution of K[Cu(OC4F9)2] (0.229 g, 0.400 mmol). The pale 
yellow solution was allowed to stir for 1 h, after which time the solution was filtered, dried 
in vacuo to a yellow solid, and triturated three times with hexanes. The resulting yellow 
powder was recrystallized by layering Et2O with hexanes at −30 °C, affording yellow 
crystals in a 48% yield (0.153 g). UV-vis (THF) (λmax, nm (ε, M−1 cm−1)): 236 (2460). 1H 
NMR (500 MHz, d6-acetone), δ = 3.70 ppm (s, 20 H, C10H20O5). 13C NMR (125 MHz, d6-
acetone), δ = 69.37 ppm (s, C10H20O5). 19F NMR (470 MHz, d6-acetone), δ = −75.34 ppm 
(s, OC(CF3)3). Anal. Calcd. for C18H20CuF18KO7: C, 27.26; H, 2.54; F, 43.13. Found: C, 
27.46; H, 2.67; F, 42.85. 
{K(15C5)2}[Cu(OC4F9)2] (20): A solution of 15C5 (0.115 g, 0.522 mmol) in 1 mL Et2O 
was added to a 5 mL Et2O solution of K[Cu(OC4F9)2] (0.150 g, 0.262 mmol). The pale 
yellow solution was allowed to stir for 1 h, after which the solution was filtered to remove 
yellow-orange solids, dried in vacuo, and triturated three times with hexanes. The resulting 
white powder was recrystallized by layering Et2O with hexanes, at −30 °C affording 
colorless microcrystalline material in a 59% yield (0.157 g). UV-vis (THF) (λmax, nm (ε, 
M−1 cm−1)): 237 (1770). 1H NMR (500 MHz, d6-acetone), δ = 3.86 ppm (s, 20H, C10H20O5). 
13C NMR (125 MHz, d6-acetone), δ = 69.65 ppm (s, C10H20O5). 19F NMR (470 MHz, d6-
acetone), δ = −75.39 ppm (s, OC(CF3)3). Anal. Calcd. for C28H40CuF18KO12: C, 33.19; H, 
3.98; F, 33.75. Found: C, 33.43; H, 4.12; F, 33.47. 
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Cs[Cu(OC4F9)2] (21): In the drybox, {Cu(mes)}n (0.151 g, 0.827 mmol) was dissolved in 
10 mL Et2O to give a pale yellow solution. An equivalent of HOC4F9 (0.195 g, 0.827 mmol) 
in 1 mL was added to the Cu solution, immediately followed by one equivalent of CsOC4F9 
(0.304 g, 0.827 mmol) in 5 mL THF. The resulting solution was initially colorless, turning 
yellow after 5 min. The solution was allowed to stir for 1.5 h, after which time the reaction 
was concentrated to a yellow oil, and triturated with hexanes five times to remove 
presumed mesitylene. The resulting yellow powder was dissolved in minimal Et2O and 
filtered, and was recrystallized by layering with CH2Cl2 at −30 °C, affording yellow 
crystals suitable for X-ray analysis in a 61% yield (0.334 g). UV-vis (THF) (λmax, nm (ε, 
M−1 cm−1)): 234 (2950). 19F NMR (470 MHz, d6-acetone), δ = −75.38 ppm (s, OC(CF3)3). 
Anal. Calcd. for C8CsCuF18O2: C, 14.42; F, 51.31. Found: C, 14.18; F, 50.23; N, 0.14. Low 
F values are sometimes observed for alkoxide compounds due to incomplete combustion, 
and highly fluorinated species sometimes give negligible false positive detection for 
nitrogen analysis (< 0.3%). There may also be some residual THF in the solvent, but this 
material was used without further purification.  
{Cs(18C6)}[Cu(OC4F9)2] (22): In the drybox, {Cu(mes)}n (0.0525 g, 0.287 mmol) was 
dissolved in 10 mL Et2O to give a pale yellow solution. An equivalent of HOC4F9 (0.0677 
g, 0.287 mmol) in 1 mL was added to the Cu solution, immediately followed by an 
equivalent of {Cs(18C6)OC4F9} (0.182 g, 0.287 mmol) in 2 mL THF. The resulting 
colorless solution was allowed to stir for 1.5 h, after which time the reaction was 
concentrated to a white oil and triturated twice with hexanes to remove presumed 
mesitylene. The resulting white powder was dissolved in minimal Et2O, filtered, and was 
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recrystallized by layering with hexanes at −30 °C, affording colorless crystals suitable for 
X-ray analysis in a 69% yield (0.183 g). UV-vis (THF) (λmax, nm (ε, M−1 cm−1)): 237 
(2160). 1H NMR (500 MHz, d6-acetone), δ = 3.66 ppm (s, 24H, C12H24O6). 13C NMR (125 
MHz, d6-acetone), δ = 70.84 ppm (s, C12H24O6). 19F NMR (470 MHz, d6-acetone), δ = 
−75.46 ppm (s, OC(CF3)3). Anal. Calcd. for C20H24CsCuF18O8: C, 25.81; H, 2.60; F, 36.74. 
Found: C, 26.07; H, 2.75; F, 36.51.  
{Cs(18C6)2}[Cu(OC4F9)2] (23): In the drybox, {Cu(mes)}n (0.201 g, 1.101 mmol) was 
dissolved in 10 mL Et2O to give a pale yellow solution. An equivalent of HOC4F9 (0.260 
g, 1.101 mmol) in 1 mL was added to the Cu solution, immediately followed by a solution 
containing an equivalent of both {Cs(18C6)OC4F9} (0.696 g, 1.101 mmol) and 18C6 
(0.291 g, 1.101 mmol) in 4 mL THF. The resulting colorless solution was allowed to stir 
for 1.5 h, after which time the reaction was concentrated to an opaque white oil and 
triturated three times with hexanes to remove presumed mesitylene. The resulting white 
powder was dissolved in minimal Et2O and filtered, and was recrystallized by layering with 
hexanes at −30 °C, affording colorless microcrystalline material in a 71% yield (0.937 g). 
UV-vis (THF) (λmax, nm (ε, M−1 cm−1)): 237 (1900). 1H NMR (500 MHz, d6-acetone), δ = 
3.64 ppm (s, 24H, C12H24O6). 
13C NMR (125 MHz, d6-acetone), δ = 70.85 ppm (s, 
C12H24O6). 
19F NMR (470 MHz, d6-acetone), δ = −75.34 ppm (s, OC(CF3)3). Anal. Calcd. 
for C32H48CsCuF18O14: C, 32.16; H, 4.05; F, 28.61. Found: C, 32.18; H, 4.09; F, 28.40. 
3.2.6. Low Temperature UV-vis Spectroscopy 
Low temperature (0 °C to −80 °C) UV-vis data were collected using a Shimadzu 
UV−3600 spectrometer equipped with a Unisoku thermostated cell holder. The instrument 
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was cooled to the desired temperature, and the baseline was measured with dried and 
distilled THF. Under inert atmosphere, CuI complexes were dissolved in THF, and 
transferred to a Schlenk cuvette equipped with a septum. The cuvette with the CuI complex 
was loaded into the instrument, and O2 was introduced directly into the solution via a 
balloon equipped with needle and syringe. The spectra were measured from 212 nm to 
1000 nm.  
3.2.7. Conversion of H2Q 
The catalytic conversion of hydroquinone (H2Q) to benzoquinone (BQ) was performed 
as previously described.65, 85 In the glovebox, CuI complexes were prepared in THF in a 
Schlenk flask equipped with a stir bar, sealed, and brought to the Schlenk line. The reaction 
flasks were cooled to −78 °C using a dry ice/acetone bath, and O2 was bubbled directly 
into the solution via a balloon equipped with a needle and syringe. The solution was then 
allowed to stir. Times for O2 introduction and stirring before substrate addition vary by 
complex and are summarized directly below in Table 3.1. Independently, in the drybox, 
the desired equivalents of H2Q were measured out and dissolved in 1.0 mL THF. The H2Q 
was added to the complex solution via needle and syringe, and an immediate color change 
occurred, spanning dark yellow to brown. The solution was stirred at −78 °C for 30 min, 
then the low temperature bath was removed and the solution was allowed to stir for 1 h. 
The final dark brown solution was then concentrated to a dark brown solid, which was 
dissolved in d6-acetone, with DMSO as an internal standard, and was evaluated by 
1H NMR 
for product quantification. See Table 3.8 in section 3.3.6 for values of H2Q and BQ yields. 
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3.2.8. Conversion of DBP 
The conversion of sodium 2,4-di-tert-butylphenolate (DBP) was performed as 
previously described.85 CuI preparation and O2 addition is as described for reactivity with 
H2Q, with stir times provided directly below in Table 3.1. After O2 addition and stirring, 
the solution was purged with N2 for 10 min. In the drybox, five equivalents of DBP were 
measured out and dissolved in minimal THF. The substrate was added to the reaction flask 
using a needle and syringe, and a color change spanning dark yellow to green was observed 
within seconds. The reaction was allowed to stir for 10 min at −78 °C, during which no 
further color changes were observed, and then the low temperature bath was removed and 
the reaction stirred an additional 30 min. The solution was then quenched with 3 mL 0.5 
M HCl, after which the solution was partially concentrated to remove THF, extracted three 
times into CH2Cl2, and concentrated to a yellow oil. Substrate reactivity and product 
formation were evaluated by 1H NMR in CD2Cl2, with acetophenone as an internal 
standard. See Table 3.10 in section 3.3.6 for DBP and 3,5-di-tert-butylbenzene-1,2-diol 
(H2DBC) yields. 
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Table 3.1. For each complex, time during which O2 was introduced, by bubbling 
directly into solution via a balloon equipped with a needle, and then stir time prior 
to substrate addition. 
Complex O2 addition (min) Stir time (min) 
{Na(DME)} (17) 10 10 
{Na(15C5)} (18) 10 10 - 15 
{K(15C5)} (19) 5 - 10 10 - 15 
{K(18C6)} (4) 10 10 - 15 
{K(15C5)2} (20) 10 15 
Cs (21) 10 -[a] 
{Cs(18C6)} (22) 10 25 
{Cs(18C6)2} (23) 10 15 
[a] Self-assembly reaction conditions (substrate and CuI combined in THF, and 
then O2 added to initiate reaction), so no stir time prior to substrate addition. 
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3.3. Results and Discussion 
3.3.1. Synthesis 
The Cs+ salt CsOC4F9 was synthesized through the combination of Cs(s) with 
perfluoro-tert-butanol (HOC4F9), with the assistance of Dr. Nathaniel Hartmann, a BU 
Postdoctoral Faculty Fellow in the Doerrer group. The initial product contained trace 
impurities, but was still used as synthesized in further reactions. Purification could be 
improved with partial encapsulation by 18C6, which upon recrystallization, afforded 
colorless crystals of {Cs(18C6)nOC4F9} in a respectable yield. All counter-ion variations 
of the [Cu(OC4F9)2]
- complex to be discussed, as well as degree of encapsulation and 
resulting proposed cation…F/O interactions, can be seen in Scheme 3.2. For each cation 
investigated, three derivatives have been prepared: the non-encapsulated (naked) cation, 
partially encapsulated, and fully encapsulated. 
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Scheme 3.2. Cation variations of [Cu(OC4F9)2]
- showing, where applicable, proposed 
cation…F/O interactions, organized by cation then degree of encapsulation. Numbers 
enclosed in parentheses indicate a proposed structure and lack of crystallographic data.  
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Syntheses of CuI complexes with Na+ and Cs+ were based on a previously developed, 
modified alcoholysis preparation with K+ (Scheme 3.3).63 The [Cu(OC4F9)2]
- complexes 
with counter-ions {Na(DME)}+, 17,201 {Na(15C5)}+, 18,201 K+, 1,63 and {K(18C6)}+, 4,63 
were made according to the previously published methods. All Na+ complexes were 
reported in the undergraduate thesis of former research student Emily Norwine (BU ’18). 
However, the naked Na+ derivative 16 was unable to be obtained. When synthesized and 
recrystallized analogously to the previously reported method, the resulting product had 
excess C and H present based on elemental analysis, and amounts were inconsistent 
between runs.201 These results suggested that inconsistent amounts of Et2O solvent remain 
bound to Na+ in addition to the proposed Na…F/O interactions. Additional drying did not 
result in isolation of 16. Complex derivatives with Li+ and {Li(12C4)}+ (in which 12C4 is 
12-crown-4) were also attempted; however, these syntheses were also unsuccessful due to 
similar irreproducible amounts of solvent remaining. These observations with highly 
oxophilic Li+ suggest that smaller, and therefore even more localized, positive charge 
results in further Et2O solvent interactions that has made product isolation unsuccessful to 
date. 
To prepare the partially and fully encapsulated K+ complexes 19 and 20, 1 was first 
synthesized according to the previously published method,63 after which the desired 
equivalents of 15C5 were added to 1 (Reaction (1) in Scheme 3.3). Recrystallization of 19 
afforded yellow crystals, while that of 20 afforded a white microcrystalline solid, both in 
respectable yields and analytical purity.   
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The same modified alcoholysis preparation was used to synthesize the three CuI 
complexes with Cs cations (Reaction (2) in Scheme 3.3). Recrystallization of 21 afforded 
yellow needles in a modest yield.  For the synthesis of 22, one equivalent of 
{Cs(18C6)OC4F9} was added to 21 following HOC4F9, and for the synthesis of 23, an 
additional equivalent of 18C6 was added in combination with {Cs(18C6)OC4F9}. Both 
complexes were recrystallized to afford analytically pure colorless crystals in good yields. 
 
 
  
Scheme 3.3. Syntheses of CuI complexes.  
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3.3.2. Structural Characterization 
X-ray crystallography analysis was performed by Professor Arnold Rheingold at the 
University of California, San Diego. X-ray crystallographic data were obtained for CuI 
complexes 21 and 22. X-ray crystallography collection parameters are listed in Table 3.2. 
Previously, X-ray crystallographic data were obtained for 18,201 1,63 and 4.63 Selected 
distances and angles for previously reported 18, 1, and 4, new complexes 21 and 22, as 
well as the previously published control complex PPh4[Cu(OC4F9)2], 7, which lacks 
cation…F/O interactions, can be found in Table 3.3. Additionally, the cation…F/O 
interactions observed in these five complexes are listed in Table 3.4. Although the structure 
of 18 was reported previously in Emily Norwine’s (BU ’18) undergraduate thesis,201 the 
Na…F/O interactions were not discussed and, therefore, these interactions are described 
below. In all ORTEP diagrams shown below, cation…F interactions are represented as 
dashed lines, while interactions with O are indicated with solid lines.  
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  Table 3.2. X-ray crystallographic data collection parameters for 21 and 22. 
Complex 21 22 
Formula C8CsCuF18O2 C20H24CsCuF18O8 
Formula weight 666.53 930.84 
Crystal system Monoclinic Triclinic 
Space group C2/c P-1 
a, Ǻ 20.105(4)[c] 11.5272(5) 
b, Ǻ 14.4149(17) 12.1858(6) 
c, Ǻ 11.1783(16) 12.5723(5) 
deg 90 103.1700(10) 
deg 100.993(6) 99.0200(10) 
deg 90 109.2970(10) 
V, Ǻ3 3180.2(8) 1570.35(12) 
Z 8 2 
ρ(calc), mg m-3 2.784 1.969 
µ(MoK), mm-1 3.835 1.986 
Temp, K 100.0 100.0 
R(F), %[a] 10.02 4.08 
R(F2), %[b] 10.45 4.75 
[a] R = ∑||Fo| – |Fc||/∑|Fo| 
[b] R(ωF2) = {∑ [ω(Fo2 – Fc2)2]}/{∑ [ω(Fo2)2]}1/2; ω = 1/[σ2(Fo2) + (aP)2 + 
bP] with a and b given in CIF, P = [2Fc
2 + max(Fo,0)]/3 
[c] Error notation X(Y) means X ± Y. So for this exemplary value, 20.105(4) 
is equivalent to 20.105 ± 0.004. This notation will be used throughout this 
dissertation. 
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Table 3.3. Selected distances (Å) and angles (°) from previously reported 
{Na(15C5)}[Cu(OC4F9)2] (18), K[Cu(OC4F9)2] (1), {K(18C6)}[Cu(OC4F9)2] (4), control 
complex PPh4[Cu(OC4F9)2] (7), and new complexes Cs[Cu(OC4F9)2] (21) and 
Cs(18C6)[Cu(OC4F9)2] (22). Distances between cations and O atoms in crown (18C6 or 
15C5) are not listed for previously published complexes 4 and 18. 
Complex  Distance (Å)  Angle (°) 
763 Cu(1)−O(1) 1.8297(17) O(1)−Cu(1)−O(2) 175.18(8) 
 Cu(1)−O(2) 1.8289(17)   
     
18201 Cu(1)−O(1) 1.843(2) O(1)−Cu(1)−O(2) 174.76(10) 
 Cu(1)−O(2) 1.861(2)   
 Na(1)...F(18) 2.578(2)   
 Na(1)...O(2) 2.354(3)   
     
163 Cu(1)−O(1) 1.852(2) O(1)−Cu(1)−O(2) 171.82(10) 
 Cu(1)−O(2) 1.832(2)   
 K(1)...F(1) 3.086(3)   
 K(1)...F(4) 2.901(2)   
 K(1)...F(6) 2.838(3)   
 K(1)...F(11) 2.988(3)   
 K(1)...F(14) 2.810(2)   
 K(1)...F(18) 3.058(2)   
 K(1)...O(1) 2.814(2)   
 K(1)...O(2) 2.648(2)   
     
463 Cu(1)−O(1) 1.865(6) O(1)−Cu(1)−O(2) 172.0(3) 
 Cu(1)−O(2) 1.861(7)   
 K(1)...F(3) 2.945(9)   
 K(1)...O(7) 2.710(8)   
     
21 Cu(1)−O(1) 1.866(9) O(1)−Cu(1)−O(2) 176.7(4) 
 Cu(1)−O(2) 1.817(9) O(1)−Cs(1)–O(2) 105.1(2) 
 Cs(1)…F(1) 3.58(1)   
 Cs(1)…F(8) 3.228(9)   
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Table 3.3. Continued 
Complex  Distance (Å)  Angle (°) 
 Cs(1)…F(19) 3.25(2)   
 Cs(1)…F(22) 3.20(2)   
 Cs(1)…F(4) 3.48(1)   
 Cs(1)…F(24) 3.21(2)   
 Cs(1)…F(13) 3.66(2)   
 Cs(1)…F(11) 3.47(2)   
 Cs(1)…F(9) 3.21(1)   
 Cs(1)…O(1) 3.038(9)   
 Cs(1)…O(2) 3.229(9)   
 Cs(1)…O(2ii) 3.207(9)   
     
22 Cu(1)−O(1) 1.828(3) O(1)−Cu(1)−O(2) 167.93(12) 
 Cu(1)−O(2) 1.819(3)   
 Cs(1)…F(15) 3.291(3)   
 Cs(1)…F(16) 3.483(3)   
 Cs(1)…O(1) 3.023(3)   
 Cs(1)…O(3) 3.109(3)   
 Cs(1)…O(4) 3.004(3)   
 Cs(1)…O(5) 3.106(3)   
 Cs(1)…O(6) 3.035(3)   
 Cs(1)…O(7) 3.108(3)   
 Cs(1)…O(8) 3.006(2)   
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Table 3.4. Summary of cation…F/O interactions observed in structurally characterized 
[Cu(OC4F9)2]
- complexes. 
Complex Interaction Quantity Range (Å) Reference 
18 Na…F 1 2.578(2) 201 
 Na…O 1 2.354(3)  
1 K…F 7 2.810(2) – 3.086(3) 63 
 K…O 3 2.648(2) – 2.814(2)  
4 K…F 1 2.945(9) 63 
 K…O 1 2.710(8)  
21 Cs…F 9 3.20(2) – 3.66(2) This work 
 Cs…O 3 3.038(9) – 3.229(9)  
22 Cs…F 2 3.291(3) – 3.483(3) This work 
 Cs…O 1 3.023(3)  
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The asymmetric unit of {Na(15C5)}[Cu(OC4F9)2], 18, in Figure 3.1 shows Cu
I in an 
almost linear geometry of 174.76(10)°, bonding to two anionic OC4F9 units. Full 
structural details have been discussed.201 The Na cation rests 0.857 Å above the plane of 
O atoms in 15C5, likely due to Na…F/O interactions with the ligand. Compared to Cu−O 
distances of control complex PPh4[Cu(OC4F9)2], 7, and the other complexes in this series, 
these distances in 18 are unremarkable. One Na…F interaction and one Na…O interaction 
connect cation and anion. The number of cation…F/O interactions in 18 and 463 are 
identical, showing that both fully encapsulated Na+ and K+ interact with the ligands 
 
Figure 3.1. ORTEP diagram of the asymmetric unit of 18, showing one Na...F and one 
Na…O interaction. Ellipsoids are shown at the 50% probability level. 
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similarly despite different cation sizes. These cation…F/O distances are listed in Table 3.4 
and compared to similar distances in 1, 4, 21 and 22. The data clearly show that the larger 
the cation, the larger the cation…F/O distance.  
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The structure of partially encapsulated {Cs(18C6)}[Cu(OC4F9)2], 22, shown in Figure 
3.2, is comparable to those of 18 and 4. The CuI center is coordinated to two OC4F9 groups, 
with a slight angular distortion from linear geometry. The Cs+ atom rests 1.190 Å above 
the plane of O atoms in 18C6. The Cu−O distances are unremarkable compared to 7 and 
the other complexes in this series. Out of all the complexes in this series, 22 has the greatest 
amount of bend in the O−Cu−O vector, likely due to the interaction of O(1) with Cs(1) 
coupled with an additional cation…F interaction compared to 18 and 4. This additional 
Cs…F interaction is a result of the larger size of the Cs+ atom as well as the partial 
 
Figure 3.2. ORTEP diagram of the asymmetric unit of 22, showing two Cs...F and one 
Cs…O interaction. Ellipsoids are shown at the 50% probability level.  
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encapsulation by 18C6. Compared to the Na+ and K+ analogs, the cation…F/O interaction 
distances are the largest for Cs+ complexes 21 and 22, which is unsurprising considering 
the greater size of Cs+.  
The structure of 21 is different from the dimeric structure of 1,63 forming chains of 
{CsCu(OR)2} units in the solid state. The asymmetric unit, in Figure 3.3, contains two 
Cs…O interactions to two different OC4F9 ligands, and three Cs
…F interactions to the same 
two alkoxide groups. As described above for 22, these interactions are longer than those 
observed in the Na+ and K+ complexes due to the large size, and thus greater charge 
distribution, of the Cs cation. The O−Cs−O angle is bent at 105.1(2)°, and the CuI center 
is mostly linear. In this complex, there is a difference between the two Cu−O distances of 
0.05 Å, larger than in the other complexes described, which have a difference in distance 
no greater than 0.02 Å. This disparity could be due to the different and asymmetric network 
of Cs…F/O interactions not present in the other complexes.  
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Figure 3.3. ORTEP diagram of the asymmetric unit of Cs[Cu(OC4F9)2], 21. Cs
…F 
interactions are shown as dotted lines, and the Cs…O interaction is shown as a solid line. 
Some fluorine atoms were removed for clarity. Ellipsoids are shown at the 50% 
probability level. 
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The larger size of Cs+ means that this cation can incorporate a greater number of 
Cs…F/O interactions due to greater distribution of positive charge. However, the charge to 
radius ratio is therefore lower, which may make these interactions weaker. The 
manifestation of this phenomenon in 21 can be viewed in Figure 3.4, which incorporates 
thirteen Cs…F/O interactions less than 4.0 Å around the Cs+ center. There are three Cs…O 
interactions per Cs cation and ten Cs…F interactions, with distances shown in Table 3.3.  
The large number of Cs…F/O interactions resulted in a network among {CsCu(OR)2} 
units. When F atoms were removed for clarity, Cs(1) and O(2) were found to be arranged 
in a ladder of distorted squares, as shown in Figure 3.5. The local coordination of CuI is 
the same as in all previous structures, but the Cs+ atom bridges [Cu(OC4F9)2]
- species such 
that each {CsO3} unit has an approximate T-shaped coordination.   
129 
 
  
  
  
 
 
 
Figure 3.4. ORTEP diagram of 21 that shows ten Cs…F interactions as well as three 
Cs…O(alkoxide) interactions around the Cs+ center. Some fluorine atoms were removed 
for clarity. Ellipsoids are shown at the 50% probability level. 
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Figure 3.5. ORTEP diagram of 21, showing Cs…O interactions that result in {Cs2O2} 
rhomb. Fluorine atoms were omitted for clarity. Ellipsoids are shown at the 50% 
probability level.  
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3.3.3. Solution-state Conductivity 
Previously, solution-state conductivity measurements were performed on 1 and 4.63 
Fully encapsulated 4 behaved as a 1:1 electrolyte as expected. However, 1 did not exhibit 
this behavior, instead showing decreased conductivity, and it was hypothesized that the 
K…F/O interactions observed in the solid state are to some extent maintained in solution. 
This observation could also be due to the relative solvating properties of the particular 
solvent, THF, to stabilize isolated cations and anions relative to tight ion pairing. In order 
to further investigate the effects of both counter-ion and degree of encapsulation on 
electrolyte behavior, solution-state conductivity measurements were taken of CuI 
complexes 17, 18, 19, and 20 - 23. Solution conductivity was not measured for 16, as this 
complex was unable to be obtained in analytically pure form, discussed previously. 
Additionally, solutions of 1:1 electrolyte tetrabutylammonium hexafluorophosphate 
(TBAPF6) in both THF and CH2Cl2, as well as the non-electrolyte ferrocene ([Cp2Fe]) in 
THF, were measured as references. These data are shown in an Onsager plot in Figure 
3.6.204, 205 The Onsager plot is organized according to cation size and degree of 
encapsulation. For cation size, Na+ is represented by squares, K+ by circles, and Cs+ by 
diamonds. In depicting degree of encapsulation, no encapsulation (naked) is shown by blue, 
partial by green, and full by red. In these studies, solution conductivity was evaluated in 
THF and CH2Cl2, both relatively non-polar solvents. However, with a more polar solvent, 
fewer electrostatic interactions might be maintained, and this possibility remains to be 
explored. 
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Unsurprisingly, fully encapsulated K+ and Cs+ complexes 20 and 23 behave as 1:1 
electrolytes in solution. These results are consistent with a low degree of ion pairing in 
solution, as previously identified in 4. Corresponding partially encapsulated complexes 19 
and 22 also have solution-state conductivity consistent with 1:1 electrolytes in CH2Cl2, 
suggesting that any degree of encapsulation in solution for K+ and Cs+ in this series results 
in ion dissociation, as the presence of crown limits contacts with F or O atoms. 
Surprisingly, naked Cs+ complex 21 also behaves as a 1:1 electrolyte in solution, 
contrasting the behavior of 1. This result suggests that the large size of the Cs cation leads 
to a greater charge distribution, and thus a large positive charge to radius ratio. This 
property may increase ionic character despite the number of Cs…F/O interactions present 
in the solid state. The data suggests for all K+ and Cs+ complexes in this series, with the 
exception of 1, cation…F/O interactions are less maintained in solution.  
Na+-containing complexes 17 and 18 both displayed decreased conductivities 
compared to the rest of this series. These data suggest a greater degree of association 
between F and O atoms with higher charge-to-radius ratio of Na+, leading to greater 
influence of Na…F/O interactions on solution conductivity, even when Na+ is encapsulated. 
When molar conductivities for 17 were converted into Λo-Λe for the above Onsager plot, 
some of these values were slightly negative, and this behavior was reproducible among 
different batches of recrystallized material. This behavior is not understood at this time, 
but may be due to factors including trace impurities or THF disrupting DME coordination 
in solution. 
  
 
1
3
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Figure 3.6.  Solution conductivity studies of CuI complexes and references TBAPF6 and [FeCp2] in THF and CH2Cl2. 
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3.3.4. Bond Valence Analysis 
Bond valence analysis206 based on solid state parameters was previously used to 
analyze K…F/O interactions in the solid state and quantify how much ionic character the 
cations contribute to the coordination sphere.63, 207 This contribution is defined by the bond 
valence value, s. For 1, 49% of the valence contribution was determined to be the result of 
K…F interactions. For 18C6 encapsulated 4, on the other hand, the K−O bonds from the 
18C6 control the K+ environment, with only 6.3% of K+ character from K…F interactions. 
This result confirmed that the full encapsulation of the cation by crown limits interactions 
of the cation with the OC4F9 ligand.  
This analysis has been extended to the crystallographically characterized CuI 
complexes containing Na+ and Cs+, namely 18 and 22. This analysis was unable to be 
extended to naked Cs+ complex 21. While there are extensive Cs…F interactions as 
demonstrated in the ORTEP diagram of 21 in Figure 3.4, disorder prevents a detailed 
analysis of the individual interactions.  
In order to calculate s for 18 and 22, as was done for 1 and 4, the following equation 
was applied 
𝑠 = 𝑒
𝑅𝐾−𝑋−𝑑𝐾−𝐹/𝑂
𝐵  
in which RNa−F = 1.677, RNa−O = 1.803, RK−F = 1.992, RK−O = 2.132, RCs−F = 2.328, RCs−O = 
2.417, B = 0.37,206 and dcation−F/O are distances determined from crystallographic data.  
RCs−F was not provided, and so was calculated using the following equation 
𝑅𝐶𝑠−𝐹 = 𝑅𝑐 + 𝐴 × 𝑅𝑎 + 𝑃 − 𝐷 − 𝐹 
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in which Rc = (cation contribution), A = 1 (given), Ra = (anion contribution), P = 0 
(correction when non-bonding p electrons), D = 0 (correction for non-bonding d electrons), 
and F = 0 (correction for non-bonding f elections).  
As expected, for both fully encapsulated complexes 18 and 22, the percentages that 
cation…F interactions account for in each cation environment are low, at 6.9% and 8.6%, 
respectively. These values are consistent with what had been observed for 4, with the 
encapsulating crown moiety accounting for the majority of the cation environment.63  
 
Table 3.5. Cation (Na+, K+, Cs+) bond valence analysis for [Cu(OR)2]
- complexes. 
Complex Cation 
coordination 
sphere 
Ʃ 
(s)[a] 
(s) 
Cation...F 
[%] 
Cation...F [Å] s(Cation...F) 
Na+ (18) Na(1) O6F1 1.28 6.9 2.578(2) 0.088 
K+ (1)63 K(1) O3F7 1.09 49 2.810(2) − 
3.086(3) 
0.052 − 0.110 
{K(18C6)}+ 
(4)63 
K(1) O7F1 1.21 6.3 2.945(7) 0.076 
{Cs(18C6)}+ 
(22) 
Cs(1) O7F2 1.37 8.6 3.291(3) − 
3.483(3) 
0.044 – 0.074 
[a] RNa−F = 1.677, RNa−O = 1.803, RK−F = 1.992, RK−O = 2.132, RCs−F = 2.328, RCs−O = 
2.417, B = 0.37,206 and dcation−F/O are distances determined from crystallograhic structures. 
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3.3.5. Reactivity with O2 
In general, the new Cs+ complexes 21, 22, and 23 containing the [Cu(OC4F9)2] anion 
range from pale yellow to colorless in THF. To compare to previously published 17, 18, 1, 
and 4, new CuI complexes were evaluated by UV-vis spectroscopy under inert conditions 
and all exhibit a strong O-Cu charge transfer band in the UV region around 235 nm (Table 
3.6). This feature is consistent with the aforementioned previously published CuI 
complexes. To compare the effects of cation size and encapsulation on reactivity with O2, 
each CuI species was evaluated at −80 °C in THF. For each complex, the d−d transitions 
for {Cun−O2} moieties formed after O2 reduction are summarized in Table 3.6. 
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Table 3.6. Summary of UV-vis features of all complexes with [Cu(OC4F9)2] anions, 
and stable d−d transitions in {Cun−O2} moieties. 
Complex CuI λmax [nm] (ε, M-1cm-1) {Cun−O2} species d−d 
transitions 
λmax [nm] (ε, [M-1cm-1]) 
Na+ (16, crude)201 242 (nd), 269 (nd) 638[a] 
{Na(DME)}+ 
(17)201 
243 (4880), 275 (4030) None 
{Na(15C5)}+ 
(18)201 
241 (4300), 275 (2530) None 
K+ (1)63 240 (1790) 520 (448), 602 (406)[b] 
{K(15C5)}+ (19) 236 (2460) 517 (256), 599 (234)[b] 
{K(18C6)}+ (4) 238 (1590) None 
{K(15C5)2}+ (20) 237 (1770) None 
Cs+ (21) 234 (2950) 526, 609[c] 
{Cs(18C6)}+ (22) 237 (2160) 679, shoulder at 755[c, d]; 
521, 600[c, e] 
{Cs(18C6)}+ (23) 237 (1900) None 
[a] As 16 is crude material, the resulting {Cun−O2} intermediate is not known at this 
time and thus ε could not be determined. 
[b] ε values only given for 1 and 19, as only these T species have been assigned and 
stabilized at low temperature to date. 
[c] Present studies underway to characterize {Cun−O2} intermediates by stopped-flow 
by collaborators Regina Schmidt and Professor Sonja Herres-Pawlis at RWTH Aachen 
University 
[d] Identified after exposure to excess O2 (from a balloon) 
[e] Identified after exposure of CuI to pre-oxygenated solution of THF 
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While all of these complexes will react with O2 at room temperature, their reactivity 
differs at low temperatures. As previously published, naked K+ complex 1 had stepwise 
reactivity with O2 resulting in formation of symmetric {Cu
IIICuII2(3-O)2} core, K-TOC4F9, 
in THF at −80 °C.63 On the other hand, {K(18C6)}+ complex 4 was found to be less 
reactive, unable to reduce O2 under identical conditions. Comparing these two complexes 
with related [Cu(OR)2]
- complexes containing OCMeMeF2 or OCPhMe
F
2 ligands,
63 
(reviewed in Chapter 1), naked K+ complexes were proposed to assemble in {Cun} 
polynuclear cores in the solid state linked by K…F/O interactions and all were able to 
reduce O2, whereas {K(18C6)}
+ CuI complexes were monomeric in the solid state and 
unreactive with O2. Therefore, K
…F/O interactions present in solution were hypothesized 
to be associated with O2 reduction, perhaps by forming Cu
I clusters able to reduce O2, the 
proximity of the cation, or the effect on redox potentials of Cu
I that lead to more facile O2 
reduction. The following work extends this analysis, exploring Na+, K+, and Cs+ with 
varying degrees of encapsulation to understand the potential tuning effect of these redox 
inert cations. The reactivity of all complexes is summarized in Scheme 3.4 and is discussed 
in greater detail in this section. 
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Scheme 3.4.  Summary of the O2 reactivity of all Cu
I complexes in this series in THF 
at −80 °C. 
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As discussed in Chapters 1 and 2, although intermediates prior to the formation of K-
TOC4F9 were not observed spectroscopically, stopped-flow kinetic analyses suggest that this 
formation may be occurring in two steps. This proposed mechanism involves the initial 
formation of {Cu2O2}
2- and is followed by conversion to the trinuclear {Cu3O2}
3-, K-
TOC4F9, which has a deep purple color.85 As discussed in detail in Chapter 2, in a single-
wavelength kinetic analysis on stopped-flow data, a dip in absorbance was observed 
initially, lasting approximately 0.5 s, associated with the viscocity change as the solutions 
were mixed in the stopped-flow instrument. This dip was unable to be fit mechanistically, 
and so was removed. Formation of a mononuclear {CuO2}, M, was unable to be detected, 
either because this step was apparently faster than formation of any D species, or because 
the data consistent with this step exist within the “dip” described above.  
Related complex 19, with K+ partially encapsulated by 15C5, reacts over 25 min to 
form a deep purple nearly identical to that of K-TOC4F9 from 1, with nearly identical λmax 
values and peak shape (Figure 3.7). These observations suggest that this intermediate may 
be a related trinuclear {Cu3O2}
3- moiety, but CSI-MS would be required to confirm 
stoichiometry. As with K-TOC4F9, the proposed K(15C5)-TOC4F9 decomposes upon 
warming to an unidentified green CuII species, indicated by a feature at 667 nm.85 
Calculated extinction coefficients for K(15C5)-TOC4F9 were lower than those for K-
TOC4F9, and perhaps could be due to the fact that K…F/O interactions are limited as a result 
of 15C5 encapsulation, leading to less trimer formation. 
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Figure 3.7. UV-vis spectra showing K(15C5)-TOC4F9 (red) from 5 mM CuI complex 
19 (black) over 25 min in THF at −80 °C, followed by warming to room temperature 
(green). 
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Whereas naked and partially encapsulated K+ complexes both resulted in formation of 
similar trinuclear species with nearly identical chromophores, the reactivity of O2 with 
naked Cs+ complex 21 versus partially encapsulated Cs+ complex 22 was quite distinct. 
Upon direct bubbling of excess O2 into a THF solution of 21 at −80 °C, the solution 
immediately turned a deep purple, again analogous to that of K-TOC4F9. UV-vis studies 
indicate that formation took less than 5 min, as the maximum λmax values observed were at 
5 min (Figure 3.8). This species also has nearly identical chromophores to K-TOC4F9,63 with 
d−d bands red-shifted 6 nm and 7 nm, respectively, suggesting that this deep purple species 
is related trinuclear core Cs-TOC4F9. Under the conditions of the previous studies involving 
introduction of excess O2, however, the resulting trimer was not stable, and decayed slowly. 
Figure 3.8 shows the gradual red-shift of λmax values as the proposed trimer decayed with 
spectra taken at 10 min intervals over 3.5 h. 
In order to investigate Cs-TOC4F9 formation and stability, reactivity of 21 with O2 is 
presently being investigated further by graduate student Regina Schmidt and Professor 
Sonja Herres-Pawlis at the Rheinisch-Westfälische Technische Hochschule (RWTH) 
Aachen University. A recent study showed that when 21 is added to an O2 saturated 
solution of THF at −80 °C (10 mM),163 this results in rapid formation of absorbance 
features indicating trimer species. Following trimer absorbance feature at 526 nm, the 
species was found to be stable over 6 h. After 6 h, the solution was allowed to slowly warm 
over 2 h, resulting in the conversion of the deep purple trimer to an unidentified green CuII 
species (Figure 3.9). Thus, in this study, modification of preparation conditions, from 
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directly bubbling an excess of O2 into solution to using THF pre-saturated with O2, led to 
the generation of a more stable chromophore.  
 
  
 
Figure 3.8. Formation of Cs-TOC4F9 from direct bubbling of excess O2 in 5 mM solution 
of 21 in THF at −80 °C. Highest absorbing red trace represents 5 min after O2 
introduction. After this 5 min trace, spectra taken at 10 min intervals for 3.5 h. 
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Figure 3.9. UV-vis spectroscopic data showing absorbance of Cs-TOC4F9 at max = 526 nm 
vs. time collected in THF at −80 °C by graduate student Regina Schmidt in the lab of 
Professor Sonja Herres-Pawlis at RWTH Aachen. 
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To investigate formation of this proposed T further, a stopped-flow study is presently 
underway by our collaborators at RWTH Aachen to compare kinetics of formation of Cs-
TOC4F9 with those of K-TOC4F9. Chromophores identical to those observed in Figure 3.8 
(526 nm and 609 nm) were observed under stopped-flow conditions for a 15 mM solution 
of 21 upon exposure to O2 (Figure 3.10). Analogous with formation of K-TOC4F9, no 
spectroscopic intermediate species were detected. Compared to formation of K-TOC4F9, 
formation of Cs-TOC4F9 was substantially faster, with chromophores reproducibly reaching 
a maximum in less than 20 seconds (Figure 3.11).  
When examined on the UV-vis at RWTH-Aachen, in which THF was saturated with 
O2 before Cu
I addition, Cs-TOC4F9 absorbance features were found to be stable (Figure 3.9). 
In this study, CuI complex 21 was added to an oxygenated solution of THF at −78 °C, 
mimicking stopped-flow conditions. However, when the Cs-TOC4F9 chromophore at 526 
nm was monitored over 60 min on the stopped-flow at −78 °C, the trimer again rapidly 
formed, consistent with aforementioned observations, but then immediately started to 
decay (Figure 3.12). While formation of T core is affected by cation, as shown in the 
difference in formation times for K-TOC4F9 vs. Cs-TOC4F9, the stability of Cs-TOC4F9 also 
appears to be sensitive to the amount of O2 in solution. Evaluation of lower Cu
I 
concentrations leading to determination of rates of formation and decay are underway.  
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Figure 3.10. Stopped-flow spectroscopy showing growth of Cs-TOC4F9 from 15 mM 
21 at −78 °C. 
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Figure 3.11. Absorbance vs. time plot showing growth of Cs-TOC4F9 chromophore at 
526 nm from 15 mM 21 in THF at −78 °C at different time stamps. No dip correction 
was performed in this analysis. 
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Figure 3.12. Absorbance vs. time plot obtained from stopped-flow analysis showing 
growth of Cs-TOC4F9 chromophore at 526 nm from 15 mM 21 followed by rapid decay 
at −78 °C in THF over 60 min. No dip correction was performed in this analysis. 
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The reactivity of 22 with O2, on the other hand, was much slower. When excess O2 was 
directly added into a THF solution of 22 at −80 °C, the solution slowly turned a faint pale 
blue. No earlier intermediate colors were seen by eye. As seen in Figure 3.13, after excess 
O2 was directly bubbled into the Cu
I solution from a balloon, an intermediate species was 
observed with features at 517 nm and 599 nm after 2 min, with a shoulder at 385 nm. These 
d−d transitions are reminiscent of TOC4F9 species, albeit with substantially different peak 
shape than those discussed above (as in Figures 3.7 and 3.8). After 11 min, this intermediate 
reacted further, resulting in an intermediate with a broad feature at 667 nm, and 20 min 
after O2 addition, settled with a max at 679 nm and a shoulder at 755 nm.  
Unlike 21, the chromophores observed by 22 are substantially different than the other 
trimers identified for the [Cu(OC4F9)2]
- series under identical conditions. The final 
{Cun−O2} species from 22 is similar spectroscopically by UV-vis to the previously 
discussed {Cu3O2}
3- species SyTpinF, formed from the [(R3P)Cu(pin
F)]- series (12 - 15), 
which has two λmax d−d features, one at 525 - 535 nm and the other at 630 - 640 nm.65 One 
hypothesis for this different observed reactivity of 22 with O2 is that in solution, the many 
{Cs(18C6)}+ are rearranged into a combination of Cs+ and {Cs(18C6)2}
+, essentially a 
combination of 21 and 23, which leads to a different interaction between the available 
naked Cs+ and the CuI, coupled with a weaker chromophore observed upon O2 addition. 
Additionally, as Cs-TOC4F9 was sensitive to excess O2, the same could be true for this 
species. The values at 517 nm and 602 nm are identical to K-TOC4F9, but with different 
peak shape, suggesting that a T core did form, but the excess O2 could be driving the 
stoichiometry towards a lower Cu:O2 ratio, likely a 2:1 dimeric core. 
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Figure 3.13. Reactivity of 12 mM {Cs(18C6)}[Cu(OC4F9)2], 22, with O2 in THF at −80 
°C. After O2 is directly bubbled into solution for 2 min, a spectroscopic intermediate 
(red trace) is observed, with features at 517 and 599 nm. Time-dependent spectra reveal 
formation of another species, with λmax of 679 nm after 30 min.  
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As at least one intermediate was detected, 22 was also sent to our RWTH Aachen 
collaborators for stopped-flow spectrophotometric studies. Surprisingly, absorbance 
features consistent with a T species were observed in THF at −78 °C, at 521 and 600 nm, 
tentatively proposed to be Cs(18C6)-TOC4F9 (Figure 3.14). These chromophores have a 
much longer formation time, not fully formed until 175 s, and are stable for up to 350 s 
(Figure 3.15). A possible intermediate chromophore was observed at 7.5 s, centered at 641 
nm (Figure 3.16). It is presently unclear if this is a distinct {Cun−O2} species or simply 
formation of T.  
The difference in reactivity observed by stopped-flow compared with that seen in 
Figure 3.13, in which there was an excess of O2 from a balloon, suggests that the stability 
of Cs(18C6)-TOC4F9 is also sensitive to the amount of O2 introduced to the initial Cu
I 
solution. Unlike the rapid formation of Cs-TOC4F9, formation of Cs(18C6)-TOC4F9 takes 
significantly longer, not fully formed until 200 s on the stopped-flow under the conditions 
evaluated. This may be attributed to restriction of Cs…F/O interactions by encapsulation of 
Cs+ by 18C6, leading to slower reduction of O2. Longer formation time could also allow 
for excess O2 in solution to influence the formation of T, leading to additional reactivity 
resulting in different chromophores, as described above. Excess O2 could lead to another 
{Cun−O2} stoichiometry, represented by the observed chromophore of 679 nm in Figure 
3.13. To confirm assignment of Cs(18C6)-TOC4F9 and possible assignment of the species 
at 679 nm that forms with excess O2, CSI-MS studies are presently underway by our 
collaborators.  
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Figure 3.14. Stopped-flow spectroscopy showing growth of chromophores consistent 
with Cs(18C6)-TOC4F9 over 375 s from 22.3 mM 22 in THF at −78 °C. Note that noise 
around 600 nm prevented identification of exact peak maximum, and so two nearby 
maxima of 594 and 606 nm were averaged together to assign the max value at 600 nm. 
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Figure 3.15. Absorbance vs. time plot showing reproducible growth of proposed 
Cs(18C6)-TOC4F9 chromophore at 521 nm from 22.3 mM 22 in THF at −78 °C. No dip 
correction was performed in this analysis. 
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Figure 3.16. Stopped-flow spectroscopy showing absorbance feature at max = 641 nm 
observed at 7.5 s prior to growth of features consistent with Cs(18C6)-TOC4F9 from 22.3 
mM 22 in THF at −78 °C. 
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The complex with partially encapsulated {Na(DME)}+, 17, has no significant color 
change upon addition of O2 to a 10 mM Cu
I solution in THF at −80 °C, as the solution 
remains yellow.201 Compound 17 was previously investigated by UV-vis spectroscopy,201 
and upon O2 addition, a sharp increase in the UV band and a small amount of broadening 
in the visible region were observed, but no definitive peak growth. Considering the 
possibility that O2 addition at −80 °C may not be optimal for formation of a stabilized 
{Cun−O2} species possibly due to slow reaction time, or that the pathway of reactivity is 
not understood, the solution was evaluated at higher temperatures (Figure 3.17). At −60 
°C, a more distinctive peak shape was observed, centered at 661 nm, and the solution was 
very pale green. When warmed to −40 °C, a defined peak at 660 nm was observed, and the 
solution was light pale green. Warming to room temperature resulted in an olive green 
color with a more intense d−d band, and a λmax at 661 nm, also shown in Figure 3.17.  
At this time, it is unknown which chromophores are reactive intermediates or inert CuII-
containing products. Another possibility is that the low temperature 17−O2 species is a 
{Cun−O2} intermediate that requires different reaction conditions, such as a temperature 
above −80C, to form with faster kinetics, which also decays at higher temperatures to an 
inert CuII species. Crude Na+ complex 16 was previously evaluated for O2 reactivity for 
comparison.201 After addition of O2 for 1 min under identical conditions, the solution turned 
pale light green, with a comparable λmax at 638 nm.201 
 
156 
 
 
  
  
      
 
 
Figure 3.17. Reactivity of 10 mM 17 with O2 in THF at −80 °C, −60 °C, −40 °C, and 
at RT.  
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In the case of the fully encapsulated complexes, 18, 4, 20, and 23, there was no 
observable color change as O2 was introduced into solution at −80C in THF. This 
observation aligns with previous ones made for the {K(18C6)}+ complex, 4.63 As described 
above for 17, 18 was also evaluated previously by UV-vis spectroscopy for comparison,201 
and when O2 was introduced, there was again a sharp increase in the charge-transfer bands, 
with no observable changes in the visible region.201 For comparison, 4, 20, and 23 were 
evaluated by UV-vis at −80C, and O2 was bubbled in over 10 min, with consistent 
observations for all three complexes (Figures 3.18, 3.19, and 3.20). This increase in UV 
band may be attributed to the saturation of the solution with O2, as a control experiment 
bubbling O2 into pure THF at −80C for 10 min led to a similar observation, with a feature 
centered at 227 nm (Figure 3.21). Purging the oxygenated THF with N2 for 10 min led to 
disappearance of the feature, confirming this is attributed to the presence of O2.  
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Figure 3.18. Growth of UV bands at 230 and 350 nm observed when O2 is directly 
bubbled into 5 mM 4 for 10 min in THF at −80 °C. 
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Figure 3.19. Growth of UV bands at 230 and 340 nm observed when O2 is directly 
bubbled into 5 mM 20 for 10 min in THF at −80 °C. 
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Figure 3.20. Growth of UV band observed between 212 and 400 nm when O2 is directly 
bubbled into 10 mM 23 for 10 min in THF at −80 °C. 
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Figure 3.21. Spectroscopic changes observed after O2 is directly bubbled into THF for 
10 min at −80 °C, and after the solution was purged with N2. 
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To address the effect of K+ on O2 in THF, the same experiment was repeated with a 20 
mM solution of KOC4F9 at −80C (Figure 3.22). Initially, there is a largely flat line, and as 
in the previous experiment, a feature centered at 227 nm grew in after 10 min of O2 addition 
to solution. However, as the solution was purged with N2, this feature did not completely 
disappear. After 10 min, the feature had slightly blue-shifted to 223 nm and only decayed 
by 70%. With each subsequent N2 purge, this peak continues to slightly decay. Only when 
warmed to RT did this band reverse to the initial observations before O2 addition. This 
result may suggest that Lewis acid-base interactions between KOR and O2 in solution may 
be retaining O2 in solution, or perhaps a small amount of reactive species such as 
superoxide is present and interacting with K+ in solution,182 but these hypotheses would 
need to be explored further. 
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Figure 3.22. Control reaction performed to evaluate what is observed spectroscopically 
when O2 is directly bubbled into 20 mM KOC4F9 in THF for 10 min at −80 °C, followed 
by five 10 min purges with N2.  
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As no visible absorbance features were observed for all fully encapsulated complexes 
as well as partially encapsulated 17 upon introduction of O2 at −80 °C, analysis by 
cryospray-ionization mass spectrometry (CSI-MS) was performed on some of these less 
reactive complexes by Nicole Orth, a research student in the lab of Prof. Ivana Ivanović-
Burmazović at the Friedrich-Alexander-Universität Erlangen-Nürnberg.  
Fully encapsulated K+ complexes 4 (18C6) and 20 (two 15C5) were both found to have 
CSI-MS spectra inconsistent with an oxidized TOC4F9 species, instead fitting to di- or 
trimeric CuI complex arrangements (Figures 3.23 and 3.24). For 4, the mass of the 
predicted anionic trinuclear core {(OC4F9)6Cu3O2(KC12H24O6)2} (Figure 3.23, bottom), at 
2238.9035 m/z, was shown to be inconsistent with experimental observations. For 20, 
when analyzed, these features were found to fit best with two CuI polynuclear species, 
{(OC4F9)6Cu2K3}, 1652.6314 m/z (Figure 3.24, fourth row), and {(OC4F9)2Cu3K2}, 
1676.6000 m/z (Figure 3.24, bottom row). No crown is present in either fit. The two 
experimental features are consistent with a reduced O2 species only if Na
+ is included in 
the fit (rows two and three). However, as the starting material only has K+ cation, this 
assignment is inconsistent, unless Na+ ions were picked up in the MS during analysis. 
Regardless, these data show the occurance of such species, but not necessarily that this is 
consistent with the bulk of solution. It is unknown whether the aggregation observed in the 
fit is a behavior in the mass spectrometer, as MS can induce aggregation, or how the 
encapsulated CuI complexes interact with one another in solution, if at all. The conductivity 
studies presented previously, though, show that 4 and 20 behave like typical electrolytes, 
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with ion dissociation in solution, so this is inconsistent with the aggregation behavior 
observed in the CSI-MS studies. 
Na+ complexes 17 and 18 were also evaluated by Orth for CSI-MS, but these data were 
neither able to be matched to a {Cun−O2} intermediate nor a polynuclear {Cun} species, as 
described above for 4 or 20. Possible reasons for this observation could be multiple 
different polynuclear {Cun} alkoxide aggregation arrangements in the instrument or 
complex impurities. Previously discussed conductivity measurements showed that these 
two complexes have decreased ion dissociation in solution, so this may be consistent with 
different aggregation arrangements. Cs+ complex 23 has not yet been analyzed by CSI-MS. 
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Figure 3.23. CSI-MS data collected by exposing 4 to O2 in THF at −80 °C. Figure 
shows experimentally observed pattern (top), at 1370.8914 m/z, and matched anionic 
CuI dimer {(O2C8F18Cu)2(KC12H24O6)} (middle), at 1370.9005 m/z.  
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Figure 3.24. CSI-MS data collected by exposing 20 to O2 in THF at −80 °C. Figure 
shows experimentally observed pattern (top row) with two features, centered at 
1654.6238 m/z and 1678.5897 m/z. The four rows below are predicted spectra for 
different possible stoichiometry combinations. 
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These reactions show that in general, more cation…F/O interactions in {ACu(OC4F9)2} 
complexes, with A defined as an alkali metal cation, favor O2 reduction by Cu
I. This 
resulting hypothesis is two-fold: (1) these cation…F/O interactions are associated with the 
formation and stabilization (depending on cation size) of a reactive {Cun−O2} intermediate, 
and (2) when these interactions are unavailable, O2 reduction is much slower, and not 
observed under the conditions analyzed. This could be due to low-coordinate CuI 
complexes that may still aggregate in solution, but not close enough (or in the same 
orientation) that would promote electron transfer for facile O2 reduction. Other possibilities 
include lack of cation proximity to CuI or change in redox potential; however, all of these 
options have not been experimentally explored and none are confirmed at this time.  
In the previous evaluation of [Cu(OR)2]
- complexes,63 it was proposed that formation 
of a polynuclear {Cun} moiety was required to provide sufficient electrons for irreversible 
O2 reduction, and that the resulting {Cun−O2} core was stabilized by K…F/O interactions 
in solution, analogous to those seen in the solid state.63 These results are consistent with 
this hypothesis. In complexes with encapsulated cations, lack of cation…F/O interactions 
prevented the electron transfer required for O2 reduction by Cu
I. Precedence to this 
proposal is the related structure published by Hannigan et al of a unique CuI trimer, 
{K(18C6)}[K2{Cu(OCPhMe
F
2}3], with three Cu
I linear partially fluorinated alkoxide 
ligands. Both unencapsulated K cations were in the center of the trimer, with K…F/O 
interactions holding the trimer together, and the encapsulated K+ on the outside.43  
The CSI-MS data presented here, however, is inconsistent with the above hypothesis; 
the aggregates proposed may either not be close enough together to promote electron 
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transfer, or simply aggregate due to conditions in the spectrometer. Exactly why the 
encapsulated CuI species are unable to reduce O2 independently under the conditions 
evaluated, or how these complexes behave in solution, is not fully understood at this time. 
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3.3.6. Substrate Oxidation Reactivity 
The trinuclear core K-TOC4F9 was previously evaluated for intermolecular oxidation 
reactivity, as described in Chapter 2.85 This core was found to perform oxidase catalysis of 
hydroquinone (H2Q) to benzoquinone (BQ) with a turnover number (TON) of 7 per T unit, 
as well as stoichiometric hydroxylation of sodium 2,4-di-tert-butylphenolate (DBP) to the 
corresponding catechol (H2DBC) with a 91% conversion. Hydroxylation was confirmed 
by 18O2 labeling experiments (99%).
85 As previously discussed in Chapter 2, oxidase and 
hydroxylation make up the dual reactivity of tyrosinase, and this has been well-studied in 
model complexes.1, 5, 7, 8, 110, 111, 116, 117, 125-127, 144-152 Additionally, complexes with 
semiquinonate and catecholate as redox-active ligands have also been explored.153 
Intermolecular oxidations were performed to examine the abilities of all oxygenated 
solutions, regardless of their abilities to form reactive intermediates, to perform oxidase 
and hydroxylation chemistry using both H2Q and DBP.
65, 85, 201 These studies allowed us to 
evaluate not only the intermolecular oxidizing abilities of the stabilized reactive species 
that were detected, but also examine whether the oxygenated CuI solutions could be 
performing self-assembly reactions. Self-assembly reactions typically involve combining 
substrate, CuI, and any necessary additives prior to addition of O2.
8, 150, 208, 209 The reaction 
conditions presented here are slightly modified from those in the previous sentence, as the 
substrate is triggering the self-assembly for these complexes. As described in Chapter 2, 1 
is able to self-assemble to perform catalytic oxidation of H2Q.
85 However, theoretically a 
small amount of an unknown reactive species in solution could also be performing these 
reactions. For example, a CuI concentration dependent production of a small amount of a 
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reactive species, such as superoxide, could also be occurring, which could dissociate from 
the metal and disproportionate to H2O2 and O2, leading to hydroxyl radical chemistry that 
could also be responsible for this behavior.210 
For all oxidase reactions, after substrate addition, the solution was allowed to stir at 
−78 C for 30 min, and then the low temperature bath was removed and the solution was 
allowed to stir at room temperature for 1 h, which was the method developed for the 
K[(R3P)Cu(pin
F)] system (12 - 15).65 After solution concentration, 1H NMR spectroscopy 
was used to evaluate product quantification, with DMSO as an internal standard. A visual 
summary of oxidase reactivity results can be found in Scheme 3.5. Oxidase reactivity was 
found to be determined by reactive intermediate formed, with Cs+-containing 21 and 22 
found to be the most reactive. A summary of oxidase reactions for each complex can be 
found in Table 3.7, whereas full reaction details can be found in Table 3.8. Catalytic 
conversion of H2Q by an oxygenated solution of 18 was previously investigated, and these 
results are incorporated into this discussion for comparison.201  
 
  
172 
 
 
  
 
 
Scheme 3.5. Average conversion of H2Q to BQ reactivity by Cu
I complexes, with TON 
patterns related to both cation and degree of encapsulation.  
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Table 3.7. Average yields for catalytic H2Q oxidation to BQ in THF at −78 °C, starting 
with 5 mM CuI. 
Cation 
(Complex) 
CuI 
[equiv] 
Initial 
H2Q 
[equiv] 
Final 
H2Q 
[equiv] 
Final 
BQ 
[equiv] 
TON 
(per 
assumed 
T) 
TON 
(per 
CuI) 
{Na(DME)}+ (17) 1.00 10.0(0) 4.3(2) 2.5(2) 7.6(6) 2.6(2) 
{Na(15C5)}+ 
(18)201 
1.00 10.0(0) 6.0(4) 2.4(2) 7.2(5) 2.4(2) 
K+ (1)85 1.00 10.0(0) 3(1) 2.6(6) 7.1(5) 2.3(2) 
{K(15C5)}+ (19) 1.00 10.0(0) 3.4(5) 3.1(1) 9.2(3) 3.1(1) 
{K(18C6)}+ (4) 1.00 10.1(1) 5.7(5) 1.2(0) 3.6(1) 1.2(0) 
{K(15C5)2}+ (20) 1.00 9.9(1) 4.8(0) 2.2(2) 6.5(5) 2.2(2) 
Cs+ (21) 1.00 10.0(0) 0 5.7(0) 17(0) 5.7(0) 
 1.00 50.2(1) 31(1) 8.5(6) 26(2) 8.5(6) 
{Cs(18C6)}+ (22) 1.00 10.0(1) 3.8(7) 3.2(1) 9.7(3) 3.3(1) 
{Cs(18C6)2}+ (23) 1.00 10.0(1) 3.9(9) 2.2(2) 6.6(7) 2.2(2) 
H2Q + O2 0 10.0 8.9 0 0 0 
KOC4F9 0 10.4 10.0 0 0 0 
4 (no O2) 0 10 9.9 0 0 0 
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Table 3.8. Individual runs for catalytic H2Q oxidation to BQ in THF at −78 °C.  
Complex [Cu
I
] 
[mM] 
Cu
I
 
[equiv] 
Initial 
H2Q 
[equiv] 
Final 
H2Q 
[equiv] 
Final 
BQ 
[equiv] 
% 
Recovered 
(H2Q + 
BQ) 
TON 
(per 
assumed T) 
TON (per CuI) 
17 5.00[a] 1.00 10.04 4.18 2.51 67 7.5 2.5 
 5.00[a] 1.00 9.98 4.51 2.82 73 8.5 2.8 
 5.00[a] 1.00 10.09 4.15 2.30 64 6.9 3.5 
19 5.00[a] 1.00 10.00 3.16 3.16 63 9.5 3.2 
 5.00[a] 1.00 10.00 2.89 3.05 59 9.2 3.1 
 5.00[a] 1.00 10.09 4.10 2.96 70 8.9 3.0 
4 5.00[a] 1.00 10.07 5.94 1.24 72 3.7 1.2 
 5.00[a] 1.00 10.21 6.17 1.23 74 3.7 1.2 
 5.00[a] 1.00 9.98 4.93 1.17 61 3.5 1.2 
20 5.00[a] 1.00 9.79 4.48 2.41 70 7.2 2.4 
 5.00[a] 1.00 9.91 4.48 2.04 66 6.1 2.0 
 5.00[a] 1.00 9.94 4.49 2.10 66 6.3 2.1 
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Table 3.8. Continued 
Complex [Cu
I
] 
[mM] 
Cu
I
 
[equiv] 
Initial 
H2Q 
[equiv] 
Final 
H2Q 
[equiv] 
Final 
BQ 
[equiv] 
% 
Recovered 
(H2Q + 
BQ) 
TON 
(per 
assumed T) 
TON (per CuI) 
21 5.00[b] 1.00 10.02 0.00 5.66 57 17 5.7 
 5.00[b] 1.00 10.00 0.00 5.71 57 17 5.7 
 5.00[b] 1.00 50.11 32.05 9.04 82 27 9.1 
 5.00[b] 1.00 50.32 29.53 7.86 75 24 7.9 
22 5.00[a] 1.00 9.99 3.71 3.27 70 9.8 3.3 
 5.00[a] 1.00 10.02 4.66 3.11 78 9.3 3.1 
 5.00[a] 1.00 10.12 3.09 3.35 64 10 3.4 
23 5.00[a] 1.00 10.04 2.81 2.46 53 7.4 2.5 
 5.00[a] 1.00 9.95 4.90 1.91 68 5.7 1.9 
 5.00[a] 1.00 9.91 3.90 2.26 62 6.8 2.3 
[a] Catalytic conversion of H2Q to BQ. O2 first added to CuI and allowed to stir before H2Q addition. Initial H2Q 
based on CuI, and final H2Q and BQ based on initial H2Q, determined by quantitative 1H NMR. TON given based 
on both T and CuI, but in the text TON is discussed in terms of T. 
[b] Self-assembly reactions of TOC4F9 with H2Q, with same analysis as in [a]. 
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All complexes were evaluated for oxidase reactivity by addition of substrate H2Q. In 
Table 3.8, TON is given per T unit and CuI. Control reactions were performed, confirming 
that both CuI complex and O2 are required in order to oxidize H2Q to BQ. As expected, O2 
alone was unable to oxidize H2Q, and an oxygenated solution of KOC4F9 and H2Q also did 
not yield BQ, confirming the OC4F9 ligand does not effect oxidation. A final control, 
combining 4 and H2Q and worked up in an inert environment, confirmed that solution 
oxygenation is required for hydroxylation to occur. 
For the partially encapsulated complexes 19 and 22, the {Cun−O2} intermediates were 
formed prior to substrate addition. Addition of 10 equiv H2Q to either intermediate resulted 
in a change to yellow-brown after 30 min at −78 °C. For these reactions, it is assumed in 
calculation of TON that one {Cun−O2} intermediate is present and performing this 
reactivity, but this would need to be confirmed by order dependent substrate studies to 
confirm that substrate oxidation is directly related to the amount of T in solution.  
After work-up and analysis, the TON was found to be 9.2 per T for K(15C5)-TOC4F9, 
higher than that of 7.0 for K-TOC4F9. This observation was surprising, because the solution 
absorbance suggests less of the trimer, based on  for K-TOC4F9, forms in solution as 
compared to the naked K-TOC4F9, suggesting that some limitation of K…F/O interactions 
by partial encapsulation with 15C5 enhances oxidase reactivity. For 22, a similar TON of 
9.7 was determined. Despite these two partially encapsulated CuI complexes forming 
different chromophores upon addition of O2, their TONs are comparable.  
Because the trinuclear core from 21, the proposed Cs-TOC4F9, was unstable when 
formed by direct bubbling of O2, self-assembly conditions were used in order to examine 
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potential oxidase reactivity. Complex 21 and 10 equiv H2Q were combined in THF in the 
reaction flask, and cooled to −78 °C under N2 prior to O2 addition. Upon addition of O2, 
the solution immediately turned brown. The solution was allowed to stir for 30 minutes at 
−78 °C, and then 1 h at room temperature. Product quantification by 1H NMR spectroscopy 
showed that H2Q had fully reacted, with a TON of 17.1. When the amount of substrate was 
increased to 50 equiv, the TON was 25.5. This proposed Cs+ trimer is therefore 
significantly more reactive than all other studied [Cu(OR)2]
- complexes to date, but it is 
unknown if this is due to the presence of more T, an influence of the cation on T behavior, 
or more of another reactive species in solution. As described previously, the larger Cs+ has 
the greatest number of cation…F/O interactions due to large cation size. However, as 
mentioned above, the trimer is unstable in THF when excess O2 is directly bubbled into 
CuI solution. This decaying could involve fast or slow solvent oxidation, or conversion into 
a different, more reactive, {Cun−O2} species that then may oxidize THF. Different reaction 
conditions such as different solvents may improve intermolecular reactivity and permit the 
expansion of substrate scope and could be explored as a future direction. 
Complexes that did not reduce O2 at −78 °C, 17, 18, 4, 20, and 23, were also evaluated 
for oxidase and oxygenase reactivity under identical conditions, considered a modified 
self-assembly process. Because an intermediate could not be identified spectroscopically 
or by eye, O2 was bubbled into these Cu
I solutions for 10 minutes, and then solutions were 
allowed to stir for an additional 10 - 15 minutes. In the case of oxidase reactions, H2Q was 
added at this point, resulting in a color change to pale brown in all trials. Reaction 
conditions and evaluation were identical to other H2Q oxidations in this study. 
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Surprisingly, all five of these complexes exhibited catalytic oxidase reactivity. Complexes 
17, 18, 20, and 23 all have TONs near 7, comparable to that of K-TOC4F9. However, the 
TON of 4 is 3.6, a difference that is not understood at this time. Self-assembly could be 
occurring, or this reactivity could be caused by a small amount of a presently unknown 
reactive species.  
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This series of complexes was also evaluated for hydroxylation reactivity with DBP, in 
comparison to K-TOC4F9, and this is summarized in Scheme 3.6. In this reactivity, DBP is 
oxidized to catecholate (DBC), and then an acid work-up results in isolation of the 
respective catechol (H2DBC). The Cs
+ complexes were the least reactive with DBP, 
whereas the fully encapsulated K+ complexes were the most reactive. A summary of the 
oxidation reactions can be found in Table 3.9, whereas full product details for all trials are 
available in Table 3.10.  
 
 
  
 
Scheme 3.6. Average conversion of DBP to DBC reactivity by CuI complexes, with 
reactivity dependent on {Cun−O2} intermediate formed (or not formed) upon 
oxygenating CuI with O2.  
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Intermediate K-TOC4F9 was found to stoichiometrically hydroxylate DBP to DBC at 
91%. The typical product observed, after acid work-up, was the expected catechol 3,5-di-
tert-butylbenzene-1,2-diol (Product A); however, 38% of these reactions resulted in 
formation of 4,6-di-tert-butylbenzene-1,3-diol (Product B).85 Both products were observed 
for these complexes when studied for comparable reactivity. For example, out of four trials 
for 17 shown in Table 3.10, two trials generated solely Product A, one just B, and the last 
a mixture of Products A and B. Interestingly, whereas Product A dominated in the 
reactivity of K-TOC4F9, forming 90% of all trials performed, for reactions with either 
partially or fully encapsulated Na+ or K+ as the cation, out of 18 trials, nine had Product A 
as the sole product, two had only B, and seven had a mixture of both. However, for all Cs+-
containing complexes, as shown in Table 3.10, only Product A was observed.  
As described above, Cs-TOC4F9 was unstable when formed by directly bubbling O2 into 
solution. In a similar self-assembly set-up to the H2Q oxidation studies, DBP and Cu
I were 
combined prior to O2 addition. However, DBP was hypothesized to react with 21 prior to 
O2 addition, immediately turning black upon combination. Controlled and reproducible 
reaction conditions were unable to be found. A control experiment combining DBP and O2 
without CuI confirmed all components are required for hydroxylation to occur, also shown 
in Table 3.9. A control reaction combining 4 and DBP without O2 was also evaluated, in 
which an immediate color change to green was observed. 1H NMR evaluation revealed a 
CuII paramagnetic species. While the mechanism of oxidation of CuI is not understood, 
DBP is likely coordinating to the Cu center, not surprising as DBP is a known ligand for 
transition metals.211-219 
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Table 3.9. Average values for hydroxylation of DBP to DBC in THF at −78 °C, using 5 
mM CuI, as well as a control with DBP and O2 only (no Cu
I, bottom row). 
Cation 
(Complex) 
CuI 
[mM] 
Initial 
DBP 
[equiv] 
Final DBP 
[equiv] 
Final DBC 
[equiv] 
% 
Conversion 
(per CuI) 
{Na(DME)}+ (17) 1.0 5.0(0) 3.7(3) 0.2(1) 16(7) 
{Na(15C5)}+ (18) 1.0 5.0(0) 4.0(5) 0.3(1) 26(8) 
K+ (1)85 1.0 5.0(0) 2.9(5) 0.3(1) 32(5) 
{K(15C5)}+ (19) 1.0 5.0(0) 3.2(3) 0.2(0) 18(4) 
{K(18C6)}+ (4) 1.0 5.0(0) 3.4(3) 0.5(0) 48(1) 
{K(15C5)2}+ (20) 1.0 5.0(0) 2.8(3) 0.4(1) 43(11) 
{Cs(18C6) }+ (22) 1.0 5.0(0) 3.3(3) 0.1(0) 1(2) 
{Cs(18C6)2}+ (23) 1.0 5.0(0) 2.8(2) 0.1(1) 8(6) 
DBP + O2 0 5.0 3.4 0 0 
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Table 3.10. Full reactivity details for conversion of DBP to DBC in THF at −78 °C. 
Complex [CuI] 
[mM] 
CuI 
[equiv] 
Initial 
DBP 
[equiv] 
Final 
DBP 
[equiv] 
Final 
DBC 
[equiv] 
Total % 
Recovered 
% Conversion 
(based on CuI) 
Product shifts 
(ppm) 
17 5.00 1.00 5.00 3.64 0.12 75 12 A(6.85, 6.76) 
 5.00 1.00 5.00 3.78 0.16 79 16 A(6.86, 6.77) 
B(6.97, 6.21) 
 5.00 1.00 5.00 3.38 0.28 74 28 B(6.98, 6.21) 
 5.00 1.00 5.00 4.06 0.10 83 10 A(6.86, 6.77) 
18 5.00 1.00 5.00 4.76 0.16 98 16 B(6.97, 6.20) 
 5.00 1.00 5.00 3.96 0.22 84 22 A(6.85, 6.79) 
 5.00 1.00 5.00 3.58 0.26 77 26 A(6.85, 6.79) 
B(6.97, 6.20) 
 5.00 1.00 5.00 3.52 0.38 77 38 A(6.84, 6.78) 
B(6.97, 6.20) 
19 5.00 1.00 5.02 3.36 0.24 72 24 A(6.82, 6.75) 
 5.00 1.00 5.01 3.34 0.14 69 14 A(6.82, 6.76) 
 5.00 1.00 4.99 2.80 0.16 59 16 A(6.82, 6.74) 
4 5.00 1.00 5.00 3.62 0.48 82 48 A(6.85, 6.79) 
B(6.97, 6.20) 
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Table 3.10. Continued 
Complex [CuI] 
[mM] 
CuI 
[equiv] 
Initial 
DBP 
[equiv] 
Final 
DBP 
[equiv] 
Final 
DBC 
[equiv] 
Total % 
Recovered 
% Conversion 
(based on CuI) 
Product shifts 
(ppm) 
 5.00 1.00 5.00 3.72 0.48 84 48 A(6.85, 6.77) 
B(6.97, 6.20) 
 5.00 1.00 5.00 3.12 0.46 72 46 A(6.86, 6.80) 
B(7.08, 6.21) 
 5.00 1.00 5.00 3.00 0.48 70 48 A(6.85, 6.81) 
B(6.97, 6.20) 
20 5.00 1.00 5.00 2.30 0.48 56 48 A(6.81, 6.75) 
 5.00 1.00 5.00 2.94 0.52 69 52 A(6.81, 6.74) 
 5.00 1.00 5.04 3.08 0.28 67 28 A(6.80, 6.72) 
22 5.00 1.00 5.01 3.12 0.04 63 4 A(6.78, 6.70) 
 5.00 1.00 5.00 3.80 0.00 76 0 none 
 5.00 1.00 4.97 3.42 0.00 69 0 none 
23 5.00 1.00 5.08 2.78 0.10 57 10 A(6.80, 6.73) 
 5.00 1.00 5.01 3.12 0.00 62 0 none 
 5.00 1.00 5.00 2.56 0.14 54 14 A(6.81, 6.76) 
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As indicated in Tables 3.9 and 3.10, trinuclear core K(15C5)-TOC4F9, from 19, is able 
to perform sub-stoichiometric hydroxylation, at 54% per T, and at a lower percent 
conversion compared to related K-TOC4F9. This result is the opposite of what was 
observed for H2Q oxidase behavior between 1 and 19, in which having fewer K
…F/O 
interactions was shown to enhance oxidase behavior. Based on these reactions, increased 
K…F/O interactions are consistent with enhanced phenolate conversion, but this is not 
understood. Reactivity differences as a function of the alkoxide ligand were observed 
previously in the contrast between K-TOC4F9 and the related trinuclear core SyTpinF, which 
has one perfluoropinacolate (pinF) ligand per CuI. While these two trimers had comparable 
oxidase reactivity, K-TOC4F9 was able to perform stoichiometric hydroxylation, whereas 
SyTpinF was unable to perform hydroxylation at all, possibly due to the rigidity of the 
chelating ligand.85 Thus, previously, intermolecular reactivity was controlled by directly 
bound alkoxide anions, and now, control has been extended to the indirectly bound alkali 
metal cation. 
The unknown {Cun−O2} intermediate resulting from partially encapsulated Cs+ 
complex 22, formed by directly bubbling in excess O2 into the Cu
I solution, performed 
DBP hydroxylation minimally, as only one of three trials resulted in detected catecholate, 
with a conversion of just 4% per CuI. It is hypothesized that the {Cun−O2} intermediate 
from 22 could be a different stoichiometry, as previously discussed, as otherwise, reactivity 
would be expected to be comparable to that of 19. However, if this {Cun−O2} intermediate 
were the proposed Cs(18C6)-TOC4F9 species, this may have greater rigidity, and less 
reactivity, due to partial encapsulation of Cs+. This difference could be likened to SyTpinF, 
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which has rigidity provided by the bidentate pinF ligands and, as discussed previously, has 
similar chormophores.43 Additional data, perhaps stoichiometric information from CSI-MS 
studies, are required to draw a more definitive conclusion.  
As in the aforementioned oxidase reactions, complexes that do not exhibit d−d 
chromophore changes upon addition of O2, 17, 18, 4, 20, and 23, were all evaluated by a 
modified self-assembly of the core in the presence of substrate as described above. Unlike 
the H2Q oxidation results, in which all but 4 had comparable TONs, there was more 
variation in these complexes, with some correspondence to counter-ion size. Na+-
containing 17 and 18 had conversions of DBP to DBC, of 17% and 26% based on CuI, 
respectively, both lower than conversion by 1 intermediate, K-TOC4F9. Fully encapsulated 
K+ complexes 4 and 20 had similar conversions, of 48% and 43%. These are substantially 
higher than that of K-TOC4F9 and were slightly catalytic, with respective TONs of 1.4 and 
1.3, respectively. To allow these TONs (assuming each T unit has two O atoms, with one 
of these reacting with the substrate considered stoichiometric, and that each T unit must 
regenerate in order to effect further reactivity), at minimum, a slight excess of O2 must be 
maintained in solution after the N2 purge. Fully encapsulated Cs
+, 23, has the lowest 
conversion of this group. This observation aligns with the lack of hydroxylation observed 
by related Cs+ complex 22, suggesting that this proposed self-assembly process may result 
in an unreactive intermediate as opposed to the T core.  
While there is no clear relationship between cation size and oxidation chemistry, these 
results confirm that even though no {Cun−O2} intermediates are observed 
spectroscopically or by CSI-MS, hydroxylation is still occurring, confirming that at least 
186 
 
  
some amount of non-reduced O2 must be maintained in solution for such reactivity to occur. 
Interactions between O2 and the cation are proposed as discussed above, but are neither 
confirmed nor understood at this time. 
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3.3.7. Turning “On” and “Off” {Cun−O2} Reactive Intermediate through Cation…F/O 
Interactions 
As previously discussed, reduction of O2 by Cu
I in this complex series requires the 
availability of cation…F/O interactions within the complexes. To probe this hypothesis 
further, OC4F9 salts with Na
+, K+, or Cs+ were added to oxygenated solution of fully 
encapsulated CuI complexes to test if O2 reduction was triggered. Also, the necessity of 
K…F/O interactions in K-TOC4F9 to stabilize the intermediate was evaluated by introduction 
of an encapsulating agent. A general view of this dynamic is shown in Scheme 3.7.  
The top left part of the scheme shows the most reactive situation, in which there is no K+ 
encapsulation, and the least reactive situation is on the top right, in which K+ is fully 
encapsulated. The middle left shows a situation analogous to the structure of 
{K(18C6)}[K2{Cu(OCPhMe
F
2}3], which was discussed at the end of section 3.3.5.
43 This 
concept was expanded upon in the bottom right, depicting what may happen upon 
addition of another 18C6 unit. This illustration shows that even with some encapsulation, 
K…F/O interactions can still occur with O2 reduction still possible, assuming the 
correlation between the presence of accessible K…F/O interactions and O2 reduction 
under the previously discussed reaction conditions. However, without K+ completely 
unencapsulated, this arrangement may not be as reactive in the reduction of O2.  
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Scheme 3.7. General trend relating K…F/O interactions to reactivity in the reduction of 
O2. Encapsulated K
+ and net charges omitted for clarity. 
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3.3.7.1. Effect of K…F/O Interactions on K-TOC4F9 Formation and Stability 
As previously observed in complex 1, availability of K…F/O interactions led to 
formation of K-TOC4F9, whereas full encapsulation by 18C6, previously in 4 and now also 
2(15C5) in 20, led to no observable reduction of O2 under the conditions evaluated. With 
the K+ cation, partial encapsulation with 15C5 still permitted enough K…F/O interactions 
to allow formation of a T species.  
To directly test if T is able to form with some K…F/O interactions available, as in the 
two illustrations at the bottom of Scheme 3.7, O2 was introduced into a fully encapsulated 
K+ CuI complex solution, followed by addition of K+, through a salt, looking for T 
chromophores. As encapsulating agents 15C5 and 18C6 are unable to be removed, some 
degree of encapsulation will remain. While salts KBF4, KPF6, and KOTf were desirable 
K+ sources due to non-coordination anions, their solubilities in THF were too low for this 
application; however, KOC4F9 was suitable due to high solubility in THF. A solution of 20 
in THF was oxygenated at −80 °C and no color change was observed, as expected. When 
1 eq of KOC4F9 in THF was added, the solution turned royal purple, with chromophores 
nearly identical to K-TOC4F9, at 516 nm (104 M-1cm-1) and 598 nm (91 M-1cm-1) (Figure 
3.25). Compared to established extinction coefficients for K-TOC4F9, 22 - 23% of T was 
formed, based on published values for K-TOC4F9 at 520 and 602 nm,63 indicating that this 
formation is unsurprisingly not as clean. It is clear that the reduction of O2 and formation 
of {Cu3O2} can be “turned on” to some extent by the increased availability of K…F/O 
interactions, provided by an additional K+ source. However, as this system has not been 
shown to be perfectly homogeneous, many possibilities for reactivity exist. 
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 Figure 3.25. Addition of 1 eq KOC4F9 to oxygenated solution of 20 in THF at −80 °C, 
resulting in formation of K-TOC4F9 at 22 - 23%. 
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Reagent KN(SO2CF3)2 was also evaluated, possessing a relatively non-coordinating 
anion with greater steric bulk than OC4F9. In its protonated state, HN(SO2CF3)2 is 
considered a superacid, with a pKa of 1.7, and has been used both in catalysis and as an 
additive to organic reactions.220 Upon addition of this K+ salt to an oxygenated solution of 
20 at −80 °C in THF, UV-vis studies one minute after K+ addition revealed chromophores 
at 522 nm and 613 nm (Figure 3.26). These initial features slightly resemble K-TOC4F9. 
Further observation reveals that these initial features are red-shifted to a final broad 
chromophore at 665 nm. Addition of excess KN(SO2CF3)2 resulted in a navy blue solution 
with growth of a chromophore at 647 nm and a shoulder at 525 nm. These experiments 
suggest that these ligands may be reacting further with CuI, such as displacing OC4F9 
anions or adding to CuI center(s), resulting in new unknown intermediate species. At room 
temperature, the solution turned green and similar chromophore of 665 nm persisted. The 
N(SO2CF3)2 ligand has been shown to have four different binding modes to metal centers: 
1-N, 1-O, 2-N,O, and 2-O,O.221, 222 Overall, the 2-O,O mode is the most common 
ligand coordination observed, resulting in the formation of a six-membered ring when 
coordinated to a transition metal.222 When coordinated through the central N atom, 
chemistry of the N(SO2CF3)2 ligand is dominated by group 11 metals, with just a few 
examples of coordination to other 3d metals.221, 223, 224  
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Figure 3.26. Addition of KN(SO2CF3)2 to oxygenated solution of 20 in THF at −80 °C. 
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As described above, K…F/O interactions are shown to be necessary for formation to 
some extent of the oxidative {Cu3O2} intermediate, the top left part of Scheme 3.7. Now, 
these K…F/O interactions were evaluated for their role in trimer stability through addition 
of an encapsulating agent, as in the right part of Scheme 3.7. In Chapter 2, K-TOC4F9 was 
found to be stable in THF at low temperature for at least 3 h. To test for the association of 
K…F/O interactions in trimer stability, an excess of encapsulating agent 18C6 was added 
to a pre-formed solution of K-TOC4F9 at −80 °C, monitored by UV-vis (Figure 3.27). Upon 
addition of 18C6, the chromophores for K-TOC4F9 quickly disappeared. Just one minute 
after 18C6 addition, the T chromophores blue-shifted, to 518 nm and 565 nm, and a new 
broad feature grew in at 677 nm. The T features were completely replaced by a broad 
feature at 682 nm after 20 min, suggesting a terminal CuII product formed. This result 
shows the importance of K…F/O interactions in the stability of K-TOC4F9, indicating that 
these interactions are involved in intermediate stability in solution at low temperature. 
K…F/O interactions are shown to be crucial in “turning on” trimer formation, with available 
K…F/O interactions correlated with O2 reduction. On the other hand, addition of an 
encapsulating agent removes K…F/O interactions, “turning off” the T species irreversibly, 
or perhaps shifting the equilibrium between species in solution, making K…F/O 
interactions less favorable with the presence of additional encapsulating agent. 
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Figure 3.27. UV-vis studies showing addition of excess (2 eq) 18C6 to K-TOC4F9 in 
THF at −80 °C. Initial T features at 520 nm and 602 quickly decrease in absorbance 
upon addition of 18C6, significantly decaying and blue-shifting to 518 nm and 565 nm 
after one minute, and ultimately completely disappear. At the same time, a new feature 
grows in at 682 nm, consistent with a CuII decay product. This species persists at room 
temperature. 
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3.3.7.2. Comparing Effect of Cation Addition to Encapsulated Na+ and Cs+ Complexes 
As described above, K…F/O interactions in solution were found to be essential to both 
K-TOC4F9 formation and stability. Adding an encapsulating agent (18C6) to this trimer 
resulted in decay, and adding K+ via KOC4F9 to fully encapsulated 20 resulted in formation 
of K-TOC4F9. With the role of interactions in well characterized K-TOC4F9 better 
understood, the generality of reactive {Cun−O2} moiety formation by addition of naked 
cation was extended to fully encapsulated {Na(15C5)}[Cu(OC4F9)2], 18, and 
{Cs(18C6)2}[Cu(OC4F9)2], 23, to see if the same concepts shown in Scheme 3.7 could be 
applied under identical conditions. 
To a 10 mM solution of 18 in THF at −80 °C, O2 was directly introduced via a balloon 
and syringe for 10 min, and then the solution was allowed to sit for 30 min. After addition 
of 1 eq NaOC4F9, UV-vis studies show some slight spectral broadening was observed, 
shown in Figure 3.28, typical for the instrument in low temperature conditions, but no new 
chromophore was observed. When an excess of NaOC4F9 was added to the solution, 
minimal changes were observed. When removed from the spectrometer, the solution was 
a very pale light blue. The effect of excess anion is unclear.  
An identical experiment was set up for oxidized 23 (Figure 3.29). Upon addition of 1 
eq CsOC4F9, a feature at 707 nm grew in over 16 min. This feature is similar to that 
observed upon warming of {Cun−O2} solutions in the Cs+ series, suggesting that any 
{Cun−O2} intermediate formed could be unstable, reacting with solvent and decaying. 
Addition of excess CsOC4F9 results in the observation of features at 525 nm and 624 nm. 
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However, as with 18, the role of additional anion on {Cun−O2} formation or stability is not 
currently understood.  
These experiments show that Na+ and Cs+ complexes do not behave in the same way 
that K+ complexes do, as a trimer or other reactive intermediate is unable to be “turned on,” 
or the equilibrium of ionic components in solution is not influenced by cation addition 
under these conditions. The 18 solution with O2 exhibits minimal changes with addition of 
Na+ cation, again supporting the hypothesis that these reaction conditions are not suitable 
to formation of an appreciable amount of a {Cun−O2} species from Na+ complexes 17 and 
18. For an analogous solution of 23, a feature at 707 nm is observed, but this absorbance 
is not the same as features resulting from addition of O2 to either naked 21 or partially 
encapsulated 22. These results show again the sensitivity of these {Cun−O2} intermediates 
to cation size. Following further investigation and optimization of the reaction between 
Na+ and Cs+ CuI complexes with O2, these studies should be revisited and expanded upon. 
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Figure 3.28. UV-vis showing effect of additional Na+ (NaOC4F9) on 18 in THF with 
O2 at −80 °C. Addition of O2 leads to some spectral broadening centered at 690 nm 
(red). Upon addition of 1 eq NaOC4F9, there is a slight growth that does not change 
with time. Addition of 2 eq excess NaOC4F9 results in another slight growth, but there 
is no significant effect on 18. 
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Figure 3.29. UV-vis showing effect of additional Cs+ (CsOC4F9) on 10 mM 23 in 
THF with O2 at −80 °C. After O2 addition, there is a small feature centered at 707 nm, 
but after 1 eq CsOC4F9, this feature becomes more defined. Adding 2 additional eq 
leads to formation of new features at 525 nm and 624 nm. Warming to room 
temperature results in a feature at 659 nm. 
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3.4. Conclusions 
Cation size and encapsulation had been proposed to influence the ability of 
[Cu(OC4F9)2]
- to reduce O2 and form reactive {Cun−O2} intermediates. The availability of 
cation…F/O interactions was found to be associated with formation of a reactive species 
within the reaction times and conditions evaluated, and the nature of the cation affected 
what reactive {Cun−O2} intermediate formed. Both cation size and the degree of 
encapsulation affect structure and influence the ability of [Cu(OC4F9)2]
- complexes to 
reduce O2 in THF at −80 °C. Exactly why these reaction conditions are observed could be 
due to factors including proximity of cation to CuI, change in redox potential of CuI, or 
proximity of CuI centers to each other, but this is not understood at this time. 
The smaller cation Na+, vs. K+, which has more localized positive charge, exhibits less 
ionic behavior in its {NaCu(OC4F9)2} species and the shortest cation
…F/O interactions, 
whereas the large cation size of Cs+ has the opposite effect in its complexes. While partially 
and fully encapsulated Na+ complexes 17 and 18 were unable to reduce O2 at −80 °C in 
THF under the reaction conditions evaluted, as evidenced by lack of chromophore 
formation, CuI complexes 19 and 22 with the larger, partially encapsulated cations K+ and 
Cs+ were each able to reduce O2. Complex 19 formed K(15C5)-TOC4F9, assigned based on 
a nearly identical chromophore to that of previously reported 1, TOC4F9, whereas 22 formed 
either a related T species or an unknown {Cun−O2} species, whose stoichiometry is 
presently under investigation by collaborators, depending on the method of O2 addition 
into solution. While K+-containing complexes formed T species with nearly identical 
chromophores for both naked and partially encapsulated cations, the degree of 
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encapsulation of Cs+ affects absorbance features and possibly {Cun−O2} stoichiometries 
depending on the amount of O2 introduced. For K-TOC4F9, K
…F/O interactions were found 
to be associated with both formation and stability of this intermediate. However, in the 
formation of Na+ and Cs+ {Cun−O2}, these effects are not fully understood.  
Future studies will include following the kinetics of formation of Cs-TOC4F9, 
Cs(18C6)-TOC4F9, and unknown light blue species 22-O2 in order to understand how the 
Cs+ cation affects {Cun−O2} stoichiometry and stability. Additionally, once optimal 
conditions for formation of Cs-TOC4F9 are identified, the increased intermolecular 
oxidation by Cs-TOC4F9 merits investigation of a larger substrate scope. 
  
201 
 
  
CHAPTER 4: Phosphine Ligands as Protecting Groups for 3d Complexes in 
Oxidation by O2  
 
4.1. Introduction 
The desire to understand and improve upon oxidation catalytic transformations in 
Nature has led to the extensive investigation of reactivity of O2 with 3d metal complexes. 
Fe and Cu are predominant in biological systems, and enzymes containing these metals 
activate O2 for substrate oxidation.
225 Fe is present in heme enzymes226, including 
cytochrome P450 and chloroperoxidase, as well as in non-heme enzymes, examples 
including lipoxygenase, soluble methane monoxygenase hydroxylase, protocatechuate 3,4-
dioxygenase and toluene 4-monoxygenase hydroxylase.227-230 Cu enzymes can perform 
oxidation reactions including oxidase (ascorbate, laccase), monooxygenase (tyrosinase, 
particulate methane monooxygenase), and dioxygenase (quercetin 2,3-dioxygenase).3 Of 
particular interest has been understanding the active sites of methane monooxygenases, in 
order to apply this knowledge to industrial applications. Complexes with either Fe or Cu 
in primarily N-donor ligand environments have been heavily investigated for reactivity 
with O2, aiming to mimic the predominantly N-donor enzyme active site environments.
13-
15, 227, 228, 231 Promising CH4 oxidation catalysts that do not have enzyme like cores are 
zeolites, porous aluminosilicate materials with either Cu or Fe.17, 21, 22, 91, 102, 104, 232, 233 The 
mechanism of CH4 oxidation at these metal centers is not fully understood.  
To analyze the behavior of Cu in a fully O-donor environment, like that of Cu zeolites, 
our group has investigated {Cun−O2} reactivity with fully fluorinated linear CuI alkoxide 
202 
 
  
moieties,198 [Cu(OR)2]
- with perfluoro-tert-butoxide (OC4F9; complexes 1 and 4), and 
perfluoropinacolate (pinF; 12 - 15), as well as partially fluorinated alkoxides OCPhMeF2 (2 
and 5) and OCMeMeF2 (3 and 6), which has also been discussed in Chapter 1.
63, 65, 85 When 
reacted at low temperature with O2, the fully fluorinated Cu
I complexes formed the 
symmetric trinuclear core {Cu3(μ3−O)2}3-, T, at all concentrations, whereas this 
observation was concentration dependent for the partially fluorinated alkoxides. Although 
the monodentate CuI complexes formed linear species, [Cu(OR)2]
-, the complexes with 
bidentate pinF required an additional ligand, PPh3, to stabilize the coordination sphere in 
[(R3P)Cu(pin
F)2]
- (12 - 15). When O2 was added to K[(Ph3P)Cu(pin
F)] (12), the PPh3 was 
oxidized and no longer bound to Cu, with the resulting OPPh3 quantified at 88% by 
1H 
NMR, giving way for the reactive trinuclear core SyTpinF.65 As SyTpinF forms for all four of 
these complexes, the phosphine group is assumed to be stoichiometrically oxidized upon 
addition of O2. Also in this work, the identity of phosphine was shown to affect oxidase 
catalysis by the intermediate trimer. The employment of Pcy3, versus PPh3, in the 
precatalyst was shown to double the turnover number (TON) of hydroquinone to 
benzoquinone, which is not presently understood.  
Despite successfully synthesizing numerous homoleptic 3d fluorinated alkoxides, to 
date, no other related alkoxide complexes without CuI have been examined for O2 
reactivity. Additionally, these CuI complexes are both light and temperature sensitive and 
require low temperatures to form intermediates that can achieve intermolecular oxidation. 
A more stable precatalyst that can be activated under mild reaction conditions is desirable. 
While electron rich CuI center allowed for the low coordination number around Cu, 
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exploration of less electron rich 3d metals will require additional supporting ligand(s) for 
stabilization. 
Phosphines are common ligands in inorganic chemistry, capable of acting as strong σ-
donors and weak π-acceptors. These ligands are commonly used in cross-coupling 
catalysts, including Sonogashira, Negishi, Stille, and Suzuki cross-couplings.234 Common 
to organometallic catalysts, an L-donor ligand such as phosphine is coordinated and must 
first dissociate for the catalytic cycle to start. In these Pd-catalyzed cross-coupling 
reactions, both the steric and electronic properties of phosphines were investigated to 
maximize catalytic efficiency. Bulky ligands were found to effect reactivity best, with 
ligand selection shown to influence chemoselectivity.235 The benefit of a supporting ligand 
such as phosphine on a reduced metal center is that these ligands typically do not react, but 
instead just dissociate. A limited number of 3d complexes have been made with a solely 
PPh3 and O-donor ligand environment, with either Cu
64, 65, 236-243 or Zn244-246 as the metal 
center. 
In expanding beyond Cu to earlier metals, metal centers with fewer d electrons might 
require greater numbers of ligands compared to the previously described [Cu(OR)2]
- 
complexes. This principle is likely to also be seen in the relative stabilities of any 
intermediates formed upon reaction with O2. As previously shown in our Cu
I work, and the 
work of many others, CuI can be stabilized by two donors, and when exposed to O2 under 
controlled conditions, can be oxidized to CuII or CuIII in forming reactive intermediates 
with a minimum coordination number of three.13-15, 198 {Cun−O2} chemistry has been 
widely explored, particularly as potential biological mimics of enzyme active sites, with 
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nearly all N-donor ligands. Upon controlled reduction of O2, Cu can form {Cun−O2} cores 
including mononuclear {CuIII(2-O2)} peroxo, {CuII(1-O2)} superoxo, and {CuII(2-O2)} 
superoxo, dinuclear bis--oxo {CuIII2(2-O2)}, {CuII2(-2:2-O2)} peroxo, and {CuII(-
1:1-O2)} peroxo, as well as a symmetric trinuclear core, {Cu3(3-O)2}. Our work marks 
the only fully O-donor {Cun−O2} studies performed, as discussed above, resulting in the 
proposed formation of K3{Cu3(3-O)2} regardless of ligand coordination.63, 65, 85 
As with Cu, {Fen−Oy} chemistry has also been widely studied with model complexes 
in order to understand enzyme structure and function.227, 228, 247-250 Fe is commonly known 
to form numerous mono- and dinuclear {Fen−Oy} intermediates, including the 
mononuclear {FeIII(2-O2)} peroxo and –superoxo species, as well as FeIV and FeV-oxo 
moieties.251 Dinuclear cores include {FeIII2(-1:1-O2)} peroxo, {FeIIFeIII(-1:2-O2)} 
superoxo,252 {FeIV2((2-O)2}, and {FeIIIFeIV(2-O)2}.227, 228 Coordination numbers at Fe are 
typically five to six in the intermediates of non-heme FeII complex reactions with O2.  
Compared to Fe and Cu, Co- and Ni-based systems are far less utilized in biological O2 
metabolism and are therefore less well-studied in model complexes, as they do not give 
terminal oxo groups necessary for oxygen atom transfer (OAT) chemistry. In nature, Co 
can be found in certain extradiol catechol dioxygenases, and the mechanism of this enzyme 
differs in that substrate binding occurs before formation of a {Con−O2} species at the active 
site.253, 254 Nevertheless, non-biomimetic {Con−O2} species have been prepared for C−H 
oxidation use. Less electron-rich, square-planar CoII complexes in rigid ligand 
environments, such as that of a porphyrin, are known to form relatively stable {CoIII(1-
O2)} superoxo species upon reaction with O2, and these have been reviewed.
253, 255-257 More 
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recently, more reactive {Con−O2} species have been reported, including {CoII(2-O2)} 
superoxo and {CoIII(2-O2)} peroxo, as well as dimeric cores {CoIII2(2-O)2} and 
{CoII2(trans--1:1-O2)2}, which has two bridging superoxide units. Coordination 
numbers at Co in these species typically range between five and six.253, 258 259  
A particularly well known example of {Con−O2} chemistry used the thioether borate 
scaffold, in which a CoI coordinated in a hydrotris(3-tert-butyl-5-methylpyrazolyl)borate 
ligand environment formed a crystallographically characterized mononuclear {CoII(2-
O2)} superoxo species. However, when the steric bulk in the 3 position is reduced from a 
tert-butyl substituent to an isopropyl group, a temperature dependent equilibrium exists in 
CD2Cl2 between the monomeric side-on Co
II-superoxo, {CoII(2-O2)}, and the dimeric CoII 
-1,2-superoxo species, {CoII2(trans--1:1-O2)2} (Scheme 4.1, top).260, 261  
In biological systems, NiII/NiIII redox transformations are well-known, such as in 
superoxide dismutase (SOD) or [NiFe]-hydrogenase.262, 263 This redox activity is proposed 
to be accessible due to the presence of radicals in the proximity of the active site.264-266 
Reactive NiII {Nin−O2} cores include monomeric side-on {NiII(2-O2)} superoxo and 
{NiIII(2-O2)}, peroxo, as well as dimeric {NiIII2(2-O)2} cores.267-270 For {Nin−O2} 
species, the coordination number is typically four or five. Similar to the {Con−O2} 
chemistry described above, using a thioether tripodal borate ligand, 
phenyl[tris(alkylthiomethyl)]borate or [PhB(CH2SR)3]
-, was used to support a four-
coordinate Ni center.270 When the R group in the thioether was less the sterically hindering 
tert-butyl (tBu), the {NiIII2(2-O)2} species was observed upon introduction of O2 to the NiI 
initial complex, [{PhB(CH2SR)3}Ni(CO)]. However, when the particularly bulky 1-
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adamantyl group was employed, preventing dimerization, the mononickel(II)-superoxo 
core {NiII(2-O2)} formed (Scheme 4.1, bottom).   
 
 
Scheme 4.1. Examples of {Con−O2} (top) and {Nin−O2} (bottom) cores formed upon 
exposure of reduced 3d center to O2.   
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Based on the aforementioned use of PPh3 as a protecting group,
65 this idea was 
expanded upon, by first using PPh3 to prepare low-coordinate 3d fluorinated alkoxide 
complexes of the form {(R3P)xM(OR)2}, and subsequently to examine whether these 
ligands could be oxidatively removed by O2 addition to form to reactive {Mn−Oy} 
intermediates. Transition metals with bulky hydrogenated alkoxide ligands have been 
shown to perform oxo, nitrene, and carbene transfer and have recently been reviewed.271   
Herein, the synthesis and structural properties of divalent 3d complexes with several 
new heteroleptic phosphine and fluorinated alkoxide ligand environments are discussed, 
including PPh3/fluorinated-alkoxide complexes with Fe, Co, and Ni metal centers. This 
work begins to explore the question of how many supporting ligands are required to 
stabilize {M(OR)2}-containing 3d complexes to permit controlled O2 reduction and C−H 
bond oxidation. In this new structural family, there are two phosphine groups and two O-
donors. To evaluate the role of PPh3 as a potential leaving group, these complexes were 
reacted with O2 and studied for identification of intermediates and/or terminally oxidized 
species. 
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4.2. Experimental 
4.2.1. General Procedures and Physical Methods 
All complexes were prepared at room temperature in an MBraun purified N2-filled 
drybox. Hexanes, CH2Cl2, THF (for synthesis), and Et2O were dried in an alumina-based 
solvent purification system (SPS) under Ar(g) directly connected to the drybox and stored 
over molecular sieves. THF (for O2 reactivity), toluene, and dimethoxyethane (DME) were 
dried by refluxing over Na/benzophenone under an N2 atmosphere, distilled, and stored 
over molecular sieves. NMR samples prepared under N2 used CDCl3, d6-acetone, or 
CD3CN, which were stored over sieves in the drybox. Alcohols HOC4F9 and H2pin
F were 
obtained from Oakwood Chemicals and were dried over sieves and distilled, and stored 
over sieves in the drybox. KOC4F9 was prepared according to the previously reported 
method.50 Ni(CH3CN)4(OTf)2 was prepared according to the previously reported 
method.272 PhSMe was dried over CaH2, distilled, and stored over molecular sieves. 
Sodium 2,4-di-tert-butylphenolate (DBP) was synthesized by combining 2,4-di-tert-
butylphenol and sodium hydride at low temperature. All other reagents were obtained 
commercially and used without further purification. 
UV-vis data were collected with a Shimadzu UV-3600 spectrometer. NMR spectra 
were recorded on a Varian 1H 500 MHz spectrometer at room temperature. Chemical shifts 
for 1H and 13C{1H} were referenced to resonance of residual protio solvent during analysis. 
CFCl3 was used as an external standard for 
19F NMR. Solution phase magnetic 
susceptibilities were determined via the Evans method273, 274 in CD3CN or CDCl3 with 1% 
Me4Si as an internal standard and reported after appropriate diamagnetic corrections. For 
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low temperature Evans method and 31P NMR, data were acquired on a Bruker 1H 400 MHz 
spectrometer at Bruker BioSpin (Billerica, Massachusetts). Elemental analyses were 
performed by Atlantic Microlabs, Inc. (Norcross, Georgia). 
4.2.2. Preparation of Complexes 
[(Ph3P)2Fe(OC4F9)2] (24): 
In the drybox, FeCl2 (0.135 g, 1.067 mmol) was slurried in 10 mL of THF and TlOTf 
(0.755 g, 2.136 mmol) was added directly to the FeCl2 mixture as a solid, upon which an 
immediate precipitation of presumed TlCl was observed. This mixture was left to stir 
overnight at RT, and then filtered over Celite to remove TlCl, leaving a colorless solution. 
Two equiv of PPh3 (0.560, 2.135 mmol) were dissolved in 2 mL THF and subsequently 
added to the reaction, stirring for 20 min. An equimolar portion of KOC4F9 (0.585 g, 2.134 
mmol) was prepared in 2 mL THF, and added to the reaction mixture. The colorless 
solution was allowed to stir for 1.5 h. The reaction mixture was then dried in vacuo, 
triturated twice with hexanes, and dissolved in Et2O, which allowed filtration to remove 
presumed insoluble KOTf. The colorless solution was dried in vacuo to a white solid, and 
then triturated three times with hexanes to a pale blue/white solid. Recrystallization by 
layering Et2O and hexanes at −30 °C afforded pale blue crystals suitable for X-ray analysis 
in a 29% yield (0.654 g). UV-vis (Et2O) [λmax, nm (ε, M-1 cm-1)] 261 (30500). eff (Evans 
method, CD3CN): 4.48(4) (avg. of 2). Anal. Calcd. for C44H30F18FeO2P2: C, 50.31; H, 2.88; 
F, 32.55. Found: C, 50.59; H, 2.94; F, 32.26.   
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[(Ph3P)2Co(OC4F9)2] (25): 
Method 1: In the drybox, (Ph3P)2CoCl2 (0.2033 g, 0.311 mmol) was dissolved in 15 mL 
THF, affording a blue solution and TlOTf (0.220 g, 0.622 mmol) was added as a solid, 
upon which an immediate color change to pink and the precipitation of presumed TlCl was 
observed. This mixture was allowed to stir overnight at RT, and was then filtered over 
Celite to remove TlCl. Two equiv of KOC4F9 (0.171 g, 0.624 mmol) were dissolved in 
minimal THF and added to the pink reaction, affording a deep purple solution. Upon 
stirring for 1 h, the reaction mixture was then dried in vacuo to a purple oil, and stirred in 
hexanes. The purple solution was filtered through a pipette to remove presumed insoluble 
KOTf, which was triturated with hexanes to a purple powder and recrystallized by layering 
Et2O and hexanes at −30 °C. The remaining material was dissolved in Et2O, filtered to 
remove presumed insoluble KOTf, triturated with hexanes to a purple powder, and 
recrystallized by layering Et2O and hexanes at −30 °C, and slow evaporation from hexanes. 
Collection of all recrystallizations resulted in purple crystals with a 21% yield (0.070 g). A 
publishable structure was not obtained, but molecular connectivity was confirmed. Because 
of low yield, an alternative synthesis was pursued.  
Method 2: In the drybox, CoCl2 (0.116 g, 0.893 mmol) was dissolved in 15 mL of THF, 
affording a blue solution, to which TlOTf (0.631 g, 1.785 mmol) was added directly as a 
solid, upon which an immediate color change to pink and precipitation of presumed TlCl 
was observed. This mixture was left to stir overnight at RT, and then filtered over Celite to 
remove TlCl, leaving a pink solution. Two equiv of PPh3 (0.469 g, 1.787 mmol) was 
dissolved in 2 mL of THF and subsequently added to the reaction, stirring for 10 min. 
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KOC4F9 (0.490 g, 1.785 mmol) was prepared in 2 mL THF, and added to the reaction 
mixture where an immediate color change to a deep purple was observed. Upon stirring for 
1.5 h, the reaction mixture was then dried in vacuo, triturated once with hexanes, and 
dissolved in Et2O, which allowed filtration to remove presumed insoluble KOTf. The 
purple solution was dried in vacuo to a deep purple solid, and then triturated three times 
with hexanes to a purple powder. The product was recrystallized by making a concentrated 
solution in Et2O with a few drops of hexanes and then layering with hexanes at −30 °C 
afforded deep purple crystals with a 68% yield (0.642 g). UV-vis (Et2O) [λmax, nm (ε, M-1 
cm-1)] 261(38000), 515 (118), 570 (160), 683 (161). eff (Evans method, CD3CN): 4.0(1) 
(avg. of 2). Anal. Calcd. for C44H30CoF18O2P2; C44H30CoF18O2P2: C, 50.16; H, 2.87; F, 
32.46. Found: C, 50.19; H, 2.94; F, 32.33.  
[(Ph3P)2Ni(OC4F9)2] (26): 
Method 1275: In the drybox, (Ph3P)2NiCl2 (0.150 g, 0.229 mmol) was dissolved in 10 mL 
THF as a pale yellow solution. TlOTf (0.162 g, 0.459 mmol) added directly as a solid, upon 
which an immediate precipitation of presumed TlCl was observed. The solution was 
allowed to stir overnight at RT, and then filtered over Celite to remove TlCl, leaving a pale 
yellow solution. Two equiv of KOC4F9 (0.126 g, 0.460 mmol) was prepared in minimal 
THF and added to the Ni solution, which changed to dark purple. The solution was left to 
stir for 2 h, dried in vacuo and dissolved in Et2O, which allowed filtration to remove 
presumed insoluble KOTf. The purple solution was dried in vacuo, and triturated once with 
toluene and three times with hexanes to a green solid. Recrystallization by layering Et2O 
and hexanes at −30 °C afforded dark purple crystals suitable for X-ray analysis. Crystals 
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were embedded in green solid, which could be washed off with hexanes. Because of a 
byproduct, an alternative synthesis was pursued.  
Method 2: In the drybox, Ni(CH3CN)4(OTf) (0.203 g, 0.390 mmol) was dissolved in THF 
affording a yellow-green solution, to which two equiv of KOC4F9 (0.214 g, 0.781 mmol) 
in 2 mL THF was added to the Ni solution, which changed to dark purple. After stirring 
for 10 min, an equimolar portion of PPh3 (0.204 g, 0.778 mmol) in 2 mL THF was added 
to the solution, after which the solution became a slightly darker purple. The solution was 
allowed to stir for 2 h, followed by concentration and trituration with Et2O. The purple 
solid was then dissolved in Et2O, which allowed filtration of presumed insoluble KOTf. 
The purple solution was dried in vacuo to a green-grey solid, and then triturated three times 
with hexanes. The product was doubly recrystallized by layering Et2O and hexanes at −30 
°C, affording dark purple crystals at a 45% yield (0.183 g). UV-vis (Et2O) (λmax, nm (ε, 
M−1 cm−1)): 261 (47000), 477 (60), 555 (67), 610 (61). eff (Evans method, CD3CN): 
3.27(8) (avg. of 2). Anal. Calcd. for C44H30F18NiO2P2: C, 50.17; H, 2.87; F, 32.47. Found: 
C, 49.95; H, 3.07; F, 32.25.  
[(Ph3P)2Zn(OC4F9)2] (27): 
In the drybox, ZnI2 (0.163 g, 0.511 mmol) was slurried in 10 mL of THF and TlOTf (0.361 
g, 1.021 mmol) was added directly to the ZnCl2 mixture as a solid, upon which an 
immediate precipitation of presumed TlI was observed. This mixture was left to stir 
overnight at RT, and then filtered over Celite to remove TlI, leaving a slightly pale yellow 
solution. Two equiv of PPh3 (0.268 g, 1.020 mmol) was dissolved in minimal THF and 
subsequently added to the reaction, stirring for 20 min. An equimolar portion of KOC4F9 
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(0.280 g, 1.020 mmol) was prepared in minimal THF, and added to the reaction mixture. 
The colorless solution was allowed to stir for 1.5 h. The reaction mixture was then dried in 
vacuo, triturated twice with hexanes, and dissolved in Et2O, which allowed filtration of 
presumed insoluble KOTf. The colorless solution was dried in vacuo to a white solid, and 
then triturated twice with hexanes to a white powder. Recrystallization by layering Et2O 
and hexanes at −30 °C afforded colorless crystals in an 83% yield (0.225 g). Crystals grown 
by layering CH2Cl2 and hexanes at −30 °C confirmed molecular connectivity. UV-vis 
(Et2O) (λmax, nm (ε, M−1 cm−1)): 261 (50000). 1H NMR (500 MHz, CD3CN), δ = 7.39 ppm 
(m, 3H, o, p-C6H5), 7.30 ppm (m, 2H, m-C6H5). 
13C NMR (125 MHz, CD3CN), δ = 137.81 
ppm (d, 1J(C,P) = 8.75 Hz, ipso-C6H5), 134.47 (d, 
2J(C,P) = 18.75 Hz, o-C6H5), 130.00 (s, 
p-C6H5), 129.65 (d, 
3J(C,P)= 7.50 Hz, m-C6H5). 
19F NMR (470 MHz, CD3CN), δ = −74.88 
ppm (s, OC(CF3)2. Anal. Calcd. for C44H30F18O2P2Zn: C, 49.86; H, 2.85; F, 32.26. Found: 
C, 49.65; H, 2.93; F, 31.96.  
[(DME)Fe(OC4F9)2] (28): 
In the drybox, FeCl2 (0.139 g, 1.098 mmol) was slurried in 10 mL of THF and TlOTf 
(0.777 g, 2.198 mmol) was added directly to the FeCl2 mixture as a solid, upon which an 
immediate precipitation of presumed TlCl was observed. This mixture was left to stir 
overnight at RT, and then filtered over Celite to remove TlCl, leaving a colorless solution. 
Sub-stoichiometric DME (0.0868 g, 0.963 mmol) was directly added and allowed to stir 
for 5 min. Two equiv of KOC4F9 (0.602 g, 2.196 mmol) was then prepared in 2 mL THF, 
and added to the reaction mixture. The colorless solution was allowed to stir for 45 min. 
The reaction mixture was then dried in vacuo, triturated once with hexanes, and dissolved 
214 
 
  
in Et2O, which allowed filtration of presumed insoluble KOTf. The brown tinted solution 
was dried in vacuo to a pale peach oil, and then triturated twice with hexanes to an off-
white/beige solid. Recrystallization by layering Et2O and hexanes at −30 °C afforded beige 
multi-crystalline material in a 35% yield (0.233 g). UV-vis (Et2O) (λmax, nm (ε, M−1 cm−1)): 
231 (232), 288 (86, shoulder). eff (Evans method, CD3CN): 4.67(7) (avg. of 2). Anal. 
Calcd. for C12H10F18FeO4: C, 23.40; H, 1.64; F, 55.51. Found: C, 23.76; H, 1.92; F, 48.50. 
Fluorine analysis is likely low because of incomplete combustion of F atoms.  
[(Ph3PO)2Fe(OC4F9)2] (29): 
In the drybox, FeCl2 (0.134 g, 1.057 mmol) was slurried in 10 mL of THF and TlOTf 
(0.747 g, 2.114 mmol) was added directly to the FeCl2 mixture as a solid, upon which an 
immediate precipitation of presumed TlCl was observed. This white cloudy mixture was 
left to stir overnight at RT, and then filtered over Celite, leaving a colorless solution. Two 
equiv of OPPh3 (0.588 g, 2.113 mmol) was dissolved in 5 mL THF and subsequently added 
to the reaction, stirring for 10 min. A equimolar portion of KOC4F9 (0.580 g, 2.116 mmol) 
was prepared in 2 mL THF, and added to the reaction mixture. The slightly cloudy solution 
was allowed to stir for 1.5 h. The reaction mixture was then dried in vacuo to a white solid, 
triturated three times with hexanes, and dissolved in Et2O, which allowed filtration of 
presumed insoluble KOTf. The colorless solution was dried in vacuo to a white solid, and 
then triturated three times with hexanes to a white powder. Recrystallization by layering 
Et2O and hexanes at −30 °C afforded colorless crystals suitable for X-ray analysis in a 70% 
yield (0.795 g). UV-vis (Et2O) (λmax, nm (ε, M−1 cm−1)): 264 (14800), 271 (13100, 
shoulder), 325 (4200, shoulder). eff (Evans method, CD3CN): 4.2(1) (avg. of 2). Anal. 
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Calcd. for C44H30F18FeO4P2: C, 48.82; H, 2.79; F, 31.59. Found: C, 48.64; H, 2.73; F, 
31.57.  
[(Ph3PO)2Ni(OC4F9)2] (30): 
In the drybox, Ni(CH3CN)4(OTf) (0.402 g, 0.772 mmol) was dissolved in THF affording 
a yellow-green solution, to which two equiv of OPPh3 (0.365 g, 1.311 mmol) in 2 mL THF 
was added to the reaction, stirring for 10 min. An equimolar portion of KOC4F9 (0.423 g, 
1.543 mmol) was prepared in 2 mL THF, and added to the reaction mixture upon which an 
immediate color change to deep purple was observed. Upon stirring for 1 h, the reaction 
mixture was dried in vacuo to a purple-blue solid, triturated once with hexanes, and 
dissolved in Et2O, which allowed filtration of presumed insoluble KOTf. The solution was 
dried in vacuo, and then triturated three times with hexanes to a purple-blue powder. 
Recrystallization by layering CH2Cl2 and hexanes at −30 °C afforded blue needle crystals 
with a 50% yield (0.357 g). Crystals suitable for X-ray analysis were obtained by layering 
Et2O and hexanes at −30 °C. UV-vis (Et2O) (λmax, nm (ε, M−1 cm−1)): 224 (166000), 260sh 
(5400), 265 (5860), 272 (4560, shoulder), 314 (540, shoulder), 480 (38), 572 (64), 620 (50, 
shoulder). eff (Evans method, CD3CN): 3.07(8) (avg. of 2). Anal. Calcd. for 
C44H30F18NiO4P2: C, 48.69; H, 2.79; F, 31.51. Found: C, 48.39; H, 2.78; F, 31.25.  
[(Ph3P)2Co(pinF)] (31): 
In the drybox, [(Ph3P)2Co(OC4F9)2], 25, (0.189 g, 0.179 mmol) was dissolved in 10 mL 
Et2O, affording a deep purple solution. An equimolar portion of H2pin
F (0.0605, 0.181 
mmol) in 2 mL Et2O was added dropwise over 1 min, and an immediate color change to 
deep blue was observed. The solution was allowed to stir overnight, and was then dried in 
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vacuo to a blue oil. Trituration three times with hexanes led to a blue powder, which was 
recrystallized by layering Et2O and hexanes at −30 °C. Deep blue crystals suitable for X-
ray analysis were collected in a 75% yield (0.122 g). Crystals suitable for X-ray analysis 
were obtained by layering CH2Cl2 and hexanes at −30 °C. UV-vis (CH2Cl2) (λmax, nm (ε, 
M−1 cm−1)): 259 (46100), 585 (110), 621 (113). eff (Evans method, CDCl3): 4.2(3) (avg. 
of 2). Anal. Calcd. for C42H30CoF12O2P2: C, 55.10; H, 3.30; F, 24.90. Found: C, 55.08; H, 
3.40; F, 24.95.  
[(Ph3P)2Ni(pinF)] (32): 
Method 1275: In the drybox, (Ph3P)2NiCl2 (0.149 g, 0.228 mmol) was dissolved in 10 mL 
THF as a pale yellow solution and TlOTf (0.163 g, 0.460 mmol) was suspended in minimal 
THF and added, upon which an immediate precipitation of presumed TlCl was observed. 
The solution was allowed to stir overnight at RT, and then filtered over Celite to remove 
TlCl, leaving a pale yellow solution. In a separate vial, two equiv of NEt3 (0.0447 g, 0.442 
mmol) was added to one equiv of H2pin
F (0.0766 g, 0.229 mmol) in 5 mL THF and allowed 
to stir for 20 min. The solution was then added to the Ni solution, upon which an immediate 
color change to dark orange was observed. This reaction was allowed to stir for 2 h, dried 
in vacuo, and triturated with toluene and hexanes to an orange solid. Orange crystals 
suitable for X-ray analysis were grown by layering THF and hexanes at −30 °C. Due to 
inseparable N-based impurities determined by elemental analysis, an alternate synthesis 
was pursued. Anal. Calcd. for C42H30F12NiO2P2: C, 55.11; H, 3.30; F, 24.91. Found: C. 
48.41; H, 3.44; N, 0.56; F, 29.40. 
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Method 2: In the drybox, [(Ph3P)2Ni(OC4F9)2], 3, (0.0664 g, 0.0630 mmol) was dissolved 
in 10 mL THF, affording a purple solution. An equimolar portion of H2pin
F (0.0220 g, 
0.0659 mmol) in 1 mL THF was added dropwise over 1 min, upon which an immediate 
color change to orange was observed. The solution was allowed to stir overnight, and was 
then dried in vacuo to an orange solid and triturated twice with hexanes to an orange 
powder. Recrystallization by layering THF and hexanes at −30 °C resulted in orange 
crystals in a 59% yield (0.0342 g). UV-vis (Et2O) (λmax, nm (ε, M−1 cm−1)): 262 (38500), 
470 (272). 1H NMR (500 MHz, CDCl3), δ= 7.54 ppm (m, 2H, o-C6H5), 7.34 ppm (m, 1H, 
p-C6H5), 7.19 ppm (m, 2H, m-C6H5). 
13C NMR (125 MHz, CDCl3), δ= 134.11 ppm (t, 
1J(C,P)= 5.00 Hz, ipso-C6H5), 130.30 ppm (s, o-C6H5), 128.52 ppm (t, 
4J(C,P)= 23.75 Hz, 
p-C6H5), 127.92 (t, 
3J(C,P)= 5.00 Hz, m-C6H5). 
19F NMR (470 MHz, CDCl3), δ= −70.79 
ppm (s, OC(CF3)2). Anal. Calcd. for C42H30F12NiO2P2: C, 55.11; H, 3.30; F, 24.91. Found: 
C, 55.38; H, 3.36; F, 25.12.  
[(Ph3P)2Zn(pinF)] (33): 
In the drybox, [(Ph3P)2Zn(OC4F9)2], 27, (0.245 g, 0.232 mmol) was dissolved in 10 mL 
Et2O, affording a colorless solution. An equimolar portion of H2pin
F (0.0780 g, 0.233 
mmol) in 3 mL Et2O was added dropwise over 1 min. The colorless solution was allowed 
to stir overnight, and was then dried in vacuo to a white solid and triturated with hexanes 
to a white powder. Recrystallization by layering CH2Cl2 and hexanes at −30 °C resulted in 
colorless crystals suitable for X-ray analysis in a 68% yield (0.145 g). UV-vis (Et2O) (λmax, 
nm (ε, M−1 cm−1)): 262 (46200). 1H NMR (CD3CN, 500 MHz), δ = 7.38 ppm (m, 3H, o,p-
C6H5), 7.30 ppm (m, 2H, m-C6H5). 
13C NMR (CD3CN, 125 MHz), δ = 138.09 ppm (d, 
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1J(C,P)= 11.25 Hz, ipso-C6H5), 134.47 (d, 
2J(C,P) = 25.00 Hz, o-C6H5), 129.93 (s, p-C6H5), 
129.64 (d, 3J(C,P) = 7.50 Hz, m-C6H5). 
19F NMR (CD3CN, 470 MHz), δ = −70.72 ppm (s, 
OC(CF3)2). Anal. Calcd. for C42H30F12O2P2Zn: C, 54.71; H, 3.28; F, 24.73. Found: C, 
53.80, H, 3.26; F, 24.17. EA consistent with ¼ molecule of CH2Cl2, which is present in the 
structure.  
[Co2(pinF)2(THF)4] (34):  
In the drybox, [(Ph3P)2Co(OC4F9)2], 25, (0.125 g, 0.119 mmol) was dissolved in 10 mL 
THF, affording a deep purple solution. An equimolar portion of H2pin
F (0.040 g, 0.120 
mmol) in 2 mL THF was added dropwise over 1 min, upon which an immediate color 
change to magenta was observed. The solution was allowed to stir overnight, and was then 
dried in vacuo to a purple-blue solid and triturated two times with hexanes to a purple-blue 
powder. Recrystallization by layering THF and hexanes at −30 °C resulted in purple 
crystals in a 32% yield (0.020 g). A publishable structure was not obtained, but structural 
connectivity was confirmed (Figure 4.5). UV-vis (THF) (λmax, nm (ε, M−1 cm−1)): 260 
(2100), 451 (44), 556 (54), 853 (11). eff (Evans method, CDCl3): 3.071(5) (per Co; avg. 
of 2). Anal. Calcd. for C28H32Co2F24O8: C, 31.42; H, 3.01; F, 42.60. Found: C, 31.49; H, 
3.07; F, 42.41.  
[Zn2(pinF)2(THF)2] (35): 
In the drybox, [(Ph3P)2Zn(OC4F9)2], 27, (0.0438 g, 0.0414 mmol) was dissolved in 5 mL 
of THF, affording a colorless solution. An equimolar portion of H2pin
F was dissolved in 1 
mL of THF, and added dropwise over 1 min to the Zn solution. The reaction was allowed 
to stir overnight, and was then dried in vacuo to a white solid, followed by two triturations 
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with hexanes. The resulting white powder was recrystallized by layering THF and hexanes 
at −30 °C, affording colorless crystals in a 13% yield (0.0050 g). Because of low yield, this 
species was neither pursued nor characterized further. Anal. Calcd. for: C, 25.58; H, 1.72. 
Found: C, 25.37; H, 1.99.   
[(F9C4O)2(Ph3PO)Fe(2-O)Fe(OPPh3)(OC4F9)2] (36):  
In the drybox, [(Ph3P)2Fe(OC4F9)2], 24, (0.176 g, 0.167 mmol) was dissolved in 3 mL THF, 
affording a colorless solution. This solution was sealed in a Schlenk flask equipped with a 
septum, brought to the Schlenk line, and cooled to −78 °C in a dry ice/acetone bath. O2 was 
added directly via balloon and syringe for 5 min, during which the solution changed to a 
light orange. The solution was allowed to stir at low temperature for an additional 30 min, 
and then was warmed to RT, affording an orange solution. The solution was dried in vacuo 
to an orange oil, brought back into the glovebox, stirred over hexanes, and then triturated 
to afford a yellow-orange solid. The solid was dissolved in Et2O, and dark orange solids 
were filtered off. Orange crystals suitable for X-ray analysis were grown from two 
recrystallizations layering Et2O and hexanes at −30 °C, with an overall yield of 23% 
(0.0315 g). UV-vis (Et2O) (λmax, nm (ε, M−1 cm−1)): 222 (1440000) 261 (42700), 340 (7500, 
shoulder). eff (Evans method, CD3CN): 2.0(1) (per Fe, avg. of 2). Anal. Calcd. for 
C52H30F36Fe2O7P2: C, 38.45; H, 1.86; F, 42.10. Found: C, 38.16; H, 2.00; F, 41.83. 
4.2.3. X-ray Crystallography and Structure Determination 
All data were collected on a Bruker Ultra mini-rotating anode (Mo Kα) diffractometer 
with micro-focus optics and an ApexII CCD detector at 100K, except for 29, which was 
run at 150K due to crystal disintegration at 100K (likely the result of a phase 
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transformation). Standard procedures were used for the integration and scaling of the data 
using software packages (SAINT and APEXIII, Bruker Corp., Madison, WI). Subsequent 
refinement and treatment of disorder used the programs contained in the Olex2 software.203 
4.2.4. Low Temperature UV-vis Spectroscopy 
The UV-vis was cooled to the desired temperature, and the baseline was corrected with 
dried and distilled solvent. Under inert atmosphere, complexes were dissolved in desired 
solvent, and transferred to a Schlenk cuvette equipped with a septum. The complex was 
loaded into the instrument, and O2 was introduced via balloon equipped with needle and 
syringe.  
4.2.5. Low Temperature NMR 
For [(Ph3P)2Ni(OC4F9)2] (26), Evans method experiments, two solutions (8.1 mg and 
16.1 mg) were prepared in d8-THF with hexamethyldisiloxane (HMDSO) as an internal 
standard (5 drops per 3 g). Phosphorus and proton data were acquired on a Bruker Avance 
NEO 400 MHz spectrometer, at Bruker BioSpin (Billerica, Massachusetts), with a 
resonance frequency of 400.01 MHz for protons and 161.93 MHz for phosphorus. For the 
8.1 mg sample, spectra were acquired at 293 K, 193 K, and 173 K. For the proton spectra, 
64 transients with a spectral width of 19.5 ppm and a pulse corresponding to a 30-degree 
flip angle were used. Total recycle time between transients was 6.2 seconds. The 
phosphorus spectra were acquired with 64 transients with a total recycle time of 2.1 
seconds, a 30-degree flip angle, and a 406 ppm spectra width. For the 16.1 mg sample, 
proton and phosphorus spectra were acquired at 293 K and 193 K. Proton and phosphorus 
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conditions were identical to the 8.1 mg sample. All phosphorus spectra were acquired with 
proton decoupling.  
4.2.6. Reaction of 28-O2 with H2Q 
The evaluation of substrate reactivity was based on similar reactions investigated with 
related {Cun−O2} chemistry.65, 85 In the drybox, FeII complex 28 was dissolved in THF in 
a Schlenk flask, and transferred to the Schlenk line under N2 atmosphere. The solution was 
cooled to −78 °C using a dry ice/acetone bath, and then O2 bubbled into the solution from 
a balloon fitted with a syringe and needle. Upon introduction of O2, the solution 
immediately turned pale yellow. After 1 min, the O2 source was removed and the solution 
was allowed to stir for 2 min.  
In the drybox, 10 equiv of H2Q were measured out and dissolved in 1.0 mL THF, and 
sealed in a vial fitted with a septum. The H2Q was then syringed and the solution 
immediately turned dark and cloudy. The solution was allowed to stir at low temperature 
for 30 min, in which no further changes were observed. The low temperature bath was 
removed, and the solution was allowed to stir for 1 h, settling as a clear solution with dark 
precipitate. The solution was quenched with 3 mL 0.5 M HCl. The pale yellow solution 
was partially concentrated to remove THF, followed by three extractions into Et2O. The 
organic layer was concentrated to a yellow oil, which was dissolved in d6-acetone with 
DMSO as an internal standard. The starting material and products were quantified by 1H 
NMR. See Tables 4.5 and 4.6 for information on H2Q and BQ yields. 
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4.2.7. Reaction of 28-O2 with PhSMe 
The reaction flask was prepared and O2 introduced as described in the above 
preparation. In the drybox, a 0.254 M stock solution of PhSMe in THF was prepared. 5 
equiv PhSMe was dissolved in THF, sealed in a vial fitted with a septum, and brought out 
of the drybox. After the flask stirred for 2 min following O2 addition, PhSMe was syringed 
in, and the solution remained a pale yellow. The reaction was allowed to stir for 30 min at 
low temperature, and then the bath was removed and the solution allowed to stir for an 
additional 30 min. The yellow-orange solution was quenched with 3 mL 0.5 M HCl. The 
solution was partially concentrated to remove THF, followed by three extractions into 
CH2Cl2. The organic layer was concentrated to a yellow oil, which was dissolved in d6-
acetone with DMSO as an internal standard. The starting material and products were 
quantified by 1H NMR. See Table 4.6 for PhSMe and methyl phenyl sulfoxide yields. Due 
to the liquid property of PhSMe, some starting material was likely lost during work-up, 
lowering the recovered material. 
4.2.8. Reaction of 29-O2 with H2Q 
Again, the evaluation of substrates was based on similar reactions investigated with 
related {Cun−O2} chemistry.65, 85 In the drybox, FeII complex 29 was dissolved in THF in 
a Schlenk flask, and transferred to the Schlenk line under N2 atmosphere. The colorless 
solution was cooled to −78 °C using a dry ice/acetone bath, and then O2 bubbled into the 
solution from a balloon fitted with a syringe and needle. Upon introduction of O2, the 
solution immediately turned bright yellow. After 1 min, the O2 source was removed and 
the solution was allowed to stir for 5 min.  
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In the drybox, 10 equiv of H2Q were measured out and dissolved in 1.0 mL THF, and 
sealed in a vial fitted with a septum. The H2Q was then syringed and an immediate color 
change to darker yellow occurred. The solution was allowed to stir at low temperature for 
30 min, with the solution a pale brown color. The low temperature bath was removed, and 
the solution was allowed to stir for 1 h. The brown solution was quenched with 3 mL 0.5 
M HCl. The solution was partially concentrated to remove THF, followed by three 
extractions into Et2O. The organic layer was concentrated to a yellow oil, which was 
dissolved in d6-acetone with DMSO as an internal standard. The starting material and 
products were quantified by 1H NMR. See Tables 4.5 and 4.6 for information on H2Q and 
BQ yields. 
4.2.9. Reaction of 29-O2 with PhSMe 
The reaction flask was prepared and O2 introduced as described in the above 
preparation. In the drybox, a 0.254 M stock solution of PhSMe in THF was prepared. 5 
equiv PhSMe were dissolved in THF, sealed in a vial fitted with a septum, and brought out 
of the drybox. After the flask stirred for 5 min following O2 addition, PhSMe was syringed 
in, and the solution remained pale yellow. The reaction was allowed to stir for 30 min at 
low temperature, and then the bath was removed and the solution allowed to stir an 
additional 30 min. The yellow-orange solution was quenched with 3 mL 0.5 M HCl. The 
solution was partially concentrated to remove THF, followed by three extractions into 
CH2Cl2. The organic layer was concentrated to a yellow oil, which was dissolved in d6-
acetone with DMSO as an internal standard. The starting material and products were 
quantified by 1H NMR. See Table 4.6 for PhSMe and methyl phenyl sulfoxide yields. Due 
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to the liquid property of PhSMe, some starting material was likely lost during work-up, 
lowering the recovered material. 
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4.3. Results and Discussion 
4.3.1. Synthesis 
A series of mixed fluorinated alkoxide and phosphine complexes was synthesized, with 
the general compositions [(Ph3P)2M(OC4F9)2] (M defined as Fe (24), Co (25), Ni (26), Zn 
(27)), [(Ph3P)2M(pin
F)] (M defined as Co (31), Ni (32), Zn (33)), and [M2(pin
F)2(THF)x] 
(M defined as Co, x = 4 (34); M defined as Zn, x = 2 (35)) (Scheme 4.2). These fluorinated 
alkoxide complexes feature either two monodentate OC4F9 ligands or one bidentate 
perfluoropinacolate (pinF) ligand. Complexes 26 and 32 were originally reported in the 
undergraduate thesis of former Doerrer group member Frances Pope,275 but the syntheses 
have been optimized in this chapter to improve yield and purity.  
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Scheme 4.2. Syntheses of divalent 3d mixed phosphine alkoxide complexes. 
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Complexes of the form [(Ph3P)2M(OC4F9)2] were synthesized by reacting a metal 
triflate salt with two equivalents of PPh3 and two equivalents of KOC4F9 (Scheme 4.2). To 
prepare [(Ph3P)2Fe(OC4F9)2] (24), [(Ph3P)2Co(OC4F9)2] (25), and [(Ph3P)2Zn(OC4F9)2] 
(27), a metal triflate was formed in situ from MX2 (X defined as Cl, I) and TlOTf in THF. 
Two equivalents of PPh3 were added, followed by two equivalents of KOC4F9. The final 
products were separated from KOTf and recrystallized from Et2O and hexanes, affording 
crystalline product in good yield. Compound 24 was isolated as pale blue crystals, 25 
crystals were deep purple, and 27 was colorless. 
Because NiX2 (X defined as Cl, Br, I) did not react with TlOTf in THF, an alternative 
synthesis was devised for [(Ph3P)2Ni(OC4F9)2] (26). The known
272 Ni(CH3CN)4(OTf)2 was 
dissolved in THF, and a color change from pale yellow to purple was observed when 
KOC4F9 was added, followed by PPh3. Recrystallization of the final product from CH2Cl2 
and hexanes afforded dark purple crystals in modest yield. Use of commercial Ni(OTf)2 
was attempted in this synthesis, but this reagent was determined to not afford clean 
reactivity due to both inconsistent observations and inability to recrystallize product(s). 
The versatility of this synthesis was shown by substitution of PPh3 to make derivative 
complexes. The phosphine-free [(DME)Fe(OC4F9)2] (28) was synthesized by the same 
route as 1, and [(Ph3PO)2Fe(OC4F9)2] (29) was prepared with the two equivalents of OPPh3.  
Similarly, [(Ph3PO)2Ni(OC4F9)2] (30) followed the same synthesis as 3, with the exception 
of sub-stoichiometric OPPh3 (1.7 equivalents). Stoichiometric addition of OPPh3 to the 
reaction resulted in excess OPPh3 in the product, which co-crystallized with 30 and was 
unable to be isolated due to similar solubility.   
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Following the synthetic pathway for 24 - 30, syntheses of the perhydro 
[(Ph3P)2Co(O
tBu)2] and [(Ph3P)2Ni(O
tBu)2] were also attempted. In both cases, addition of 
KOtBu resulted in formation of insoluble purple solids that precipitated from solution. Due 
to the relatively high basicity of this alkoxide (pKa of HO
tBu (19.2) vs. HOC4F9 (5.4))
33, it 
likely formed a bridging oligomeric species.28  
Addition of the pinF ligand was most effective via alcoholysis of [(Ph3P)2M(OC4F9)2] 
(M defined as Co (25), Ni (26), Zn (27)) with H2pin
F (Scheme 4.2), to yield 
[(Ph3P)2M(pin
F)] (M defined as Co (31), Ni (32), Zn (33)). The reaction to form 32 was 
performed in THF, resulting in a change from purple to orange when 1 equiv H2pin
F was 
added. For syntheses of 31 and 33, the solvent influenced the final product of the 
alcoholysis reaction, and the reaction must be performed in Et2O to attain the desired 
product. When H2pin
F was added to 25 in THF, however, a color change to purple-pink 
was observed. After stirring overnight, the solution was concentrated and triturated with 
hexanes, and the purple-blue solid was then recrystallized by layering THF and hexanes. 
The resulting purple crystals were determined to be dinuclear [Co2(pin
F)2(THF)4] (34), in 
which PPh3 was displaced by THF. Notably, 34 is the first complex that contains bridging 
pinF ligands. A similar phenomenon occurred when H2pin
F was added to 27, with the final 
product being [Zn2(pin
F)2(THF)2] (35), as determined by elemental analysis.   
Efforts to obtain corresponding Fe complexes with pinF were made. Combination of 24 
and stoichiometric H2pin
F led to a pale green solution. However, a stable product was 
unable to be crystallized, possibly due to displacement of PPh3, leading to multiple 
products. 
229 
 
  
4.3.2. Structural Characterization 
As discussed, PPh3 is a widely used ligand in inorganic chemistry. Thousands of 
complexes have been synthesized that incorporate both a phosphine group and an O-donor 
source. Similarly, according to the Cambridge Structural Database (CSD), over 900 
complexes have at least one phosphine with at least one alkoxide on a transition metal 
center, showcasing how widely phosphines have been used in inorganic synthesis. 
Restricting further, there are still over 250 complexes that have at least one PPh3 with at 
least one alkoxide on a transition metal center. A majority of these complexes have either 
4d or 5d metal centers, and have other ligands in addition to the alkoxide and phosphine, 
including halides, carbenes, and N-donor ligands.  
Far fewer 3d metal centers have both at least one PPh3 and alkoxide as ligands, with 30 
complexes identified on the CSD. When these complexes were limited to solely PPh3 and 
an O-donor ligand environment, only 16 complexes were identified, all with either Cu64, 65, 
236-243 or Zn244-246 as the metal center. As Cu and Zn are more electron rich, this may have 
lent to greater complex stability, considering the size difference between a P atom and a 3d 
metal center. These complexes are the first Fe, Co, and Ni alkoxides incorporating PPh3 
ligands. 
X-ray crystallography analysis was performed by Professor Arnold Rheingold at the 
University of California, San Diego. Single-crystal X-ray diffraction data were collected 
for [(Ph3P)2M(OC4F9)2] (M defined as Fe, 24, and Ni, 26) [(Ph3PO)2M(OC4F9)2] (M 
defined as Fe, 29 and Ni, 30) and [(Ph3P)2M(pin
F)] (M defined as Co, 31, Ni, 32, and Zn, 
33). Structures of NiII complexes 26 and 32 were previously reported,275 but these structures 
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will be discussed in further detail in this section. Full crystallographic data collection 
parameters for complexes with OC4F9 ligands, 24, 29, and 30, are listed in Table 4.1, 
whereas complexes with pinF ligands, 31 and 33, are listed in Table 4.2. Selected angles 
and distances for these complexes are collected in Table 4.3. Additionally, 4 values are 
listed in Table 4.4. A 4 value can be assigned to crystallographically characterized 4-
coordinate species in order to give a numerical depiction of geometry around the central 
atom. A perfect tetrahedron would have a 4 value of 1, whereas a perfect square planar 
structure would have a 4 value of 0.234
  
 
2
3
1 
Table 4.1. Crystallographic data parameters for OC4F9 complexes 24, 29, 30, and 36. 
Compound 24 29 30 36 
Formula C44H30F18FeO2P2 C44H30F18FeO4P2 C44H30F18NiO4P2 C52H30F36Fe2O7P2 
Formula Weight 1050.47 1082.47 1085.33 1624.40 
Crystal System Monoclinic Triclinic Triclinic Triclinic 
Space group P 21/c P-1 P-1 P-1 
a, Ǻ 19.506(3)[c] 14.0949(18) 11.6732(7) 13.0973(13) 
b, Ǻ 11.2538(13) 19.511(3) 13.2494(8) 13.2529(14) 
c, Ǻ 20.343(2) 25.159(4) 14.3894(11) 19.210(2) 
deg 90 76.225(4) 91.773(6) 93.078(3) 
deg 97.812(5) 88.579(3) 97.383(5) 90.517(3) 
deg 90 87.304(5) 98.436(5) 115.598(3) 
V, Ǻ3 4424.2(9) 2180.4(3) 2180.4(3) 3000.9(6) 
Z 4 6, 3 2 2 (two ind. Half-
mol.) 
ρ(calc), mg m-3 1.577 1.607 1.653 1.798 
(MoK), mm-1 0.527 0.527 2.447 0.700 
Temp, K 100.0 150 100.0 100.0 
R(F), %[a] 5.00 5.77 3.98 8.11 
R(F2), %[b] 10.31 13.35 11.00 18.79 
[a] R = ∑||Fo| – |Fc||/∑|Fo| 
[b] R(ωF2) = {∑ [ω(Fo2 – Fc2)2]}/{∑ [ω(Fo2)2]}1/2; ω = 1/[σ2(Fo2) + (aP)2 + bP] with a and b 
given in CIF, P = [2Fc2 + max(Fo,0)]/3 
[c] Error notation X(Y) means X ± Y. So for this exemplary value, 19.506(3) is equivalent to 19.506 
± 0.003. This notation will be used throughout this dissertation. 
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Table 4.2. Crystallographic data parameters for pinF complexes 31 and 33. 
Compound 31 33 
Formula C43H32Cl2CoF12O2P2 
(with CH2Cl2) 
C86H64Cl4F24O4P4Zn2 
(with 2 CH2Cl2) 
Formula Weight 1000.45 2013.79 
Crystal System Monoclinic Monoclinic 
Space group P 21/c P 21/c 
a, Ǻ 18.7415(8) 34.5529(16) 
b, Ǻ 12.8922(5) 13.3483(5) 
c, Ǻ 19.1451(9) 18.9158(6) 
deg 90 90 
deg 113.128(2) 96.575(3) 
deg 90 90 
V, Ǻ3 4254.0(3) 8667.0(6) 
Z 4 4 
ρ(calc), mg m-3 1.562 1.543 
(MoK), mm-1 0.694 3.415 
Temp, K 100.0 100.0 
R(F), %[a] 3.34 5.88 
R(F2), %[b] 7.69 13.58 
[a] R = ∑||Fo| – |Fc||/∑|Fo| 
[b] R(ωF2) = {∑ [ω(Fo2 – Fc2)2]}/{∑ [ω(Fo2)2]}1/2; ω = 1/[σ2(Fo2) + 
(aP)2 + bP] with a and b given in CIF, P = [2Fc2 + max(Fo,0)]/3  
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Table 4.3. Selected bond distances and angles for [L2M(OR)2] complexes. 
Complex  Distance (Å)  Angle (°) 
24 Fe−O(1) 1.898(2) O(1)−Fe−O(2) 138.70(11) 
 Fe−O(2) 1.880(2) O(1)−Fe−P(1) 102.11(7) 
 Fe−P(1) 2.4856(9) O(1)−Fe−P(2) 99.73(8) 
 Fe−P(2) 2.5092(9) O(2)−Fe−P(1) 105.86(9) 
   O(2)−Fe−P(2) 100.64(8) 
   P(1)−Fe−P(2) 106.61(3) 
     
26275 Ni−O(1) 1.9185(19) O(1)−Ni−O(2) 128.4(3) 
 Ni−O(2) 1.907(6) O(1)−Ni−P(1) 93.23(6) 
 Ni−P(1) 2.3934(7) O(1)−Ni−P(2) 105.88(7) 
 Ni−P(2) 2.3580(8) O(2)−Ni−P(1) 105.3(4) 
   O(2)−Ni−P(2) 113.3(5) 
   P(1)−Ni−P(2) 107.28(3) 
     
29 Fe−O(1) 1.995(3) O(1)−Fe−O(2) 94.08(11) 
 Fe−O(2) 2.057(3) O(1)−Fe−O(3) 102.80(12) 
 Fe−O(3) 1.959(3) O(1)−Fe−O(4) 127.44(13) 
 Fe−O(4) 1.916(3) O(2)−Fe−O(3) 106.46(11) 
   O(2)−Fe−O(4) 99.91(12) 
   O(3)−Fe−O(4) 120.63(12) 
     
30 Ni−O(1) 1.9556(14) O(1)−Ni−O(2) 101.93(6) 
 Ni−O(2) 1.9700(14) O(1)−Ni−O(3) 107.34(6) 
 Ni−O(3) 1.9084(15) O(1)−Ni−O(4) 93.54(6) 
 Ni−O(4) 1.9071(14) O(2)−Ni−O(3) 93.04(6) 
   O(2)−Ni−O(4) 103.29(6) 
   O(3)−Ni−O(4) 150.28(6) 
     
31 Co−O(1) 1.9185(11) O(1)−Co−O(2) 85.96(5) 
 Co−O(2) 1.9140(11) O(1)−Co−P(1) 124.84(4) 
 Co−P(1) 2.3926(5) O(1)−Co−P(2) 107.17(4) 
 Co−P(2) 2.4256(5) O(2)−Co−P(1) 108.28(4) 
 C(2)−C(5) 1.647(2) O(2)−Co−P(2) 124.76(4) 
   P(1)−Co−P(2) 106.528(16) 
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Table 4.3. Continued. 
Complex  Distance (Å)  Angle (°) 
32275 Ni−O(1) 1.8698(16) O(1)−Ni−O(2) 86.77(5) 
 Ni−O(2) 1.8447(16) O(1)−Ni−P(1) 83.84(5) 
 Ni−P(1) 2.1956(7) O(1)−Ni−P(2) 175.72(5) 
 Ni−P(2) 2.1793(7) O(2)−Ni−P(1) 170.22(5) 
 C(1)-C(2) 1.617(4) O(2)−Ni−P(2) 89.09(5) 
   P(1)−Ni−P(2) 100.24(3) 
     
33 Zn−O(1) 1.944(3) O(1)−Zn−O(2) 86.90(12) 
 Zn−O(2) 1.936(3) O(1)−Zn−P(1) 108.21(9) 
 Zn−P(1) 2.4109(11) O(1)−Zn−P(2) 121.10(10) 
 Zn−P(2) 2.4225(11) O(2)−Zn−P(1) 122.04(9) 
 C(1)-C(4) 1.672(6) O(2)−Zn−P(2) 109.73(9) 
   P(1)−Zn−P(2) 108.45(4) 
 
 
 
The four-coordinate [(Ph3P)2M(OC4F9)2] complexes 24 (M defined as Fe) and 26 (Ni) 
are pseudo-tetrahedral, as shown by 4 values of 0.81 and 0.83 (Table 4.4).  
Compound 24 has two nearly identical Fe−O distances averaging 1.889(9) Å. There is 
only one other complex with a Fe−OC4F9 bond, {K(18C6)}[Fe(OC4F9)3], which has 
slightly longer Fe−OC4F9 distances ranging from to 1.9660 Å to 1.9740 Å.50 The Fe−P 
distances in 24 range from 2.4856(9) Å to 2.5092(9) Å and are noticeably longer than the 
average Fe−PPh3 distance in the CSD of 2.26(7) Å. As expected, the M−O distances are 
shorter than the M−P distances due to the anionic nature of the OC4F9 ligand as well as the 
larger size of P atom. As seen in Table 4.3 and in the left-hand ORTEP in Figure 4.1, there 
is considerable distortion in the angles around the Fe center from 109.5, as the largest 
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angle of 138.70(11)°, O(1)−Fe−O(2), is likely due to repulsion of CF3 groups on adjacent 
ligands.  
The structure of 26, shown in the top left of Figure 4.2, is also pseudo-tetrahedral and 
similar to 24, the angle with the greatest degree of distortion in 26 is that of O(1)−Ni−O(2) 
at 128.4(3)°. The Ni−P distances in 26 are unexceptional, ranging from 2.3934(7) Å to 
2.3580(8) Å, again a bit longer than the average Ni−PPh3 distance of 2.20(5) Å. Only the 
related complex {K((18C6)}K[Ni(OC4F9)4] also has Ni−OC4F9 bonds, with distances 
ranging from 1.863 Å to 1.973 Å, comparable to those in 26.48 
       
 
Figure 4.1. ORTEP diagram of Fe complexes 24 (left) and 29 (right). Fluorine and 
hydrogen atoms omitted for clarity. Ellipsoids are shown at the 50% probability level.  
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Figure 4.2. ORTEP diagrams of Ni complexes 26 (top left), 30 (top right) and 32 
(bottom). Some carbon and fluorine atoms were omitted for clarity. Hydrogen atoms 
were omitted for clarity in all three complexes. Ellipsoids are shown at the 50% 
probability level.  
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Due to rotational disorder in the CF3 groups, only molecular connectivity was 
confirmed for 25 (Co) and 27 (Zn) (Figure 4.3). A structure of [(Ph3P)2Zn(OC4F9)2], 27, 
however, was previously deposited into the CSD.244 This structure is highly similar to 24 
and 26, as average Zn−O/P distances are both within 0.1 Å of those in the aforementioned 
complexes. Ligand angles around Zn are also similar, from 99.4(1)° to 119.9(2)°, and  4 is 
0.88, again indicating a pseudo-tetrahedral geometry.  
 
  
 
Figure 4.3. Molecular connectivity for [(Ph3P)2Co(OC4F9)2] (25) and 
[(Ph3P)2Zn(OC4F9)2] (27). Severe disorder in CF3 groups prevents the structures from 
being of publishable quality. 
 
238 
 
 
For the less sterically hindered [(Ph3PO)2Fe(OC4F9)2], 29, the 4 of 0.79 again indicates 
pseudo-tetrahedral geometry (right side of Figure 4.1). Compared to 24, the angle between 
OC4F9 groups at the Fe center decreases in 29 to 120.63(12) due to the additional O−P 
bond which further removes the phenyl bulk from the metal center. The largest angle at the 
Fe center of 29, 127.44(13), is between one OPPh3 group and one OC4F9. The Fe−OC4F9 
distances, averaging 1.938 Å, are slightly longer than in 24, and the Fe−OPPh3 distances 
range from 1.995(3) Å to 2.057(3) Å, consistent with the four other complexes reported,276-
279 ranging from 1.982 Å to 2.116 Å.  
Complex 30, [(Ph3PO)2Ni(OC4F9)2], has a 4 value of 0.74, indicating a more distorted 
tetrahedron, with the ORTEP shown in the top right-hand corner of Figure 4.2. Compared 
to the  4 value of 29 (0.79), there is also more distortion in 30, consistent with a smaller 
atomic radius of Ni. As in 24 and 26, the largest angle at the Ni center of 150.28(6) is 
between the OC4F9 groups. Significantly, the O(3)−Ni−O(4) angle in 30 is 21.88° more 
than in 26, consistent with this complex having more structural distortion. The Ni−OC4F9 
distances are nearly identical to those in 26 and are also comparable to those in the 
aforementioned {K((18C6)}K[Ni(OC4F9)4].
48 The Ni−OPPh3 distances in 3 range from 
1.9556(14) Å to 1.9700(14) Å, again similar to the lone other complex with this bond type, 
[(Ph3PO)2NiCl2], which has two identical Ni−OPPh3 bond distances of 1.966 Å.280  
In 29 and 30, the M−OPPh3 bonds are 0.09 Å longer than M−OC4F9 bonds in 29, and 
0.06 Å longer for 30. This result is in contrast to the PPh3 complexes, in which the 
differences in M−P versus M−O range from approximately 0.3−0.5 Å, and shows the 
significant reduction in steric pressure upon introduction of the OPPh3 ligand. 
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Complexes 31 and 33 are also pseudo-tetrahedral complexes, with two phosphine 
groups and one bidentate pinF ligand, whose ORTEPs are shown in Figure 4.4. As in 24 
and 26, M−P bonds are longer than M−O, and 31 and 33 are highly similar to each other, 
with nearly identical M−O and M−P distances and a comparable O−M−O angle. In 31, the 
Co−PPh3 distances range from 2.3926(5) Å to 2.4256(5) Å, longer compared to the 
literature average of 2.23(8) Å. The two Co−OpinF distances within 31 are nearly identical, 
with an average of 1.92(2), and these are also consistent with the literature average of 
1.94(6) Å.44-46, 281 In 33, the Zn−PPh3 distances are consistent with the literature average 
of 2.47(9) Å. As in 31, the Zn−OpinF distances are nearly identical, and unremarkable 
compared to a literature average of 1.94(1) Å.45, 46  
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Figure 4.4. ORTEP diagrams of pseudo-tetrahedral pinF complexes 31 (left) and 33 
(right). In complex 31, one CH2Cl2 molecule, fluorine and hydrogen atoms were 
omitted for clarity. In complex 33, two CH2Cl2 molecules, fluorine and hydrogen atoms 
were omitted for clarity. Ellipsoids in both ORTEPs are shown at the 50% probability 
level.  
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In contrast to all the structures above, 32 is a pseudo-square planar complex with 4 
value of 0.10, whose ORTEP shown is at the bottom of Figure 4.2. Compared to 26 and 
30, there is less steric bulk in the rigid pinF ligand of 32, which permits the square planar 
geometry favorable for a d8 metal center. The average Ni−O and Ni−P bonds as well as the 
O−Ni−O angle are similar to those in 31 and 33. The Ni−PPh3 distances in 32 are 
unremarkable from the aforementioned literature standpoint, and also average 0.18 Å 
shorter than those of 26, attributed to a smaller pinF ligand cone angle. Compared to the 
average Ni−OpinF distance in the literature of 1.90(7) Å,46, 282, 283 those of 32 are 
unexceptional. This compound is only the second instance of a heteroleptic Ni-pinF 
complex, the first being [(py)3Ni(pin
F)].282  
Comparing square planar 32 to previously published square planar complexes trans-
[(PPh3)2Ni(Ar)2] (Ar defined as OC6F5, or OC6H3(CF3)2),
284 the Ni−O bond distances in 
the OC6F5 complex are comparable to those in 32; however, Ni−P distances in this complex 
are an average of 0.07 Å longer. There is also a more rigorously square planar center in the 
OC6F5 complex, with angles around Ni nearly 90° and 180°, lacking the geometric 
constraint that pinF has on 32. The OC6H3(CF3)2 complex has more distortion, with 
distances and angles around Ni more comparable to 32, which may be attributed to the 
larger steric bulk of the CF3 groups on the alkoxides.
284 As expected for complexes with 
pinF, the O−M−O angle in 32 is smaller than for OC4F9 complexes 24, 26, and 29. This 
angle is otherwise unremarkable and is in agreement with that of previously published 
[M(pinF)2]
2− complexes.46  
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Elongation of the C−C bond in the chelated pinF backbone is always observed, with 
typical C−C bond lengths in these complexes ranging from 1.54(2) Å up to 1.657(3) Å,46 
and is also seen in 31 - 33, which have an average C−C bond distance of 1.65(2) Å. These 
data show that this bond length behavior is not exclusive to homoleptic ligand composition 
of the aforementioned complexes nor a single geometry (tetrahedral or square planar). As 
previously proposed, this C−C bond elongation may be due to steric repulsion within the 
CF3 groups of the pin
F ligand when coordinated to a metal center.46 
In the solvate 34, only molecular connectivity was confirmed (Figure 4.5), but 
compositional confirmation was provided by elemental analysis. This structure shows two 
five coordinate CoII centers bridged by two O atoms from two pinF ligands. Each Co center 
is coordinated to two THF molecules, both O atoms of one pinF ligand, as well as an O 
atom from the second, bridging pinF ligand. The structure of 35 is proposed to have similar 
bridging pinF ligands, with Zn in a pseudo-tetrahedral environment, with composition also 
confirmed analytically. To our knowledge, 34 and 35 are the first characterized examples 
of a bridging pinF ligand.  
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Figure 4.5. Molecular connectivity for pinF dimer [Co2(pin
F)2(THF)4] (34). Molecular 
composition also confirmed by elemental analysis. Due to severe disorder, atoms are 
represented with spheres not thermal ellipsoids. 
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4.3.3. Electronic Structure 
Complexes 24 - 34 were analyzed by both UV-vis and Evans method.273, 274 Former 
undergraduate student Vincent L. Huang (UConn ‘21) assisted with these experiments. 
Phosphine complexes of the form [(L)2M(OR)2], 24 - 26 and 29 - 32, have an intense UV 
band at 260 nm, arising from alkoxide ligand to metal charge transfer (LMCT). Complex 
34 also has a UV band around 260 nm, again from alkoxide LMCT. Solvated 28 was the 
exception, with weaker UV bands at 231 nm (ε = 232 M-1cm-1), and a shoulder at 288 nm 
(ε = 86 M-1cm-1) (Figure 4.6), possessing UV extinction coefficients significantly lower 
than FeII complexes 24 (Figure 4.7) and 29 (Figure 4.8) as well as those of other complexes 
in this series. While pseudo-tetrahedral d6 complexes are expected to have visible 
transitions, none were observed for FeII complexes 24, 28, and 29, which is unusual. 
       
Figure 4.6. LMCT characterization for [(DME)Fe(OC4F9)2] (28). 
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Figure 4.7. LMCT characterization for [(Ph3P)2Fe(OC4F9)2] (24). 
 
 
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
50000
230 250 270 290 310 330 350
ε
(M
-1
c
m
-1
)
Wavelength (nm)
       
Figure 4.8. LMCT characterization for [(Ph3PO)2Fe(OC4F9)2] (29).  
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CoII complexes 25, 31, and 34 (Figure 4.9 (25), Figure 4.10 (31), and Figure 4.11 (34)) 
and NiII complexes 26, 30, and 32 (visible transitions overlaid in Figure 4.12, UV shown 
in Figure 4.13 (26), Figure 4.14 (30), and Figure 4.15 (32)) all exhibited weak, visible 
bands indicating d−d transitions, as expected.  
 
  
   
    
Figure 4.9. UV-vis characterization for [(Ph3P)2Co(OC4F9)2] (25). 
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Figure 4.10. UV-vis characterization for [(Ph3P)2Co(pin
F)] (31). 
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Figure 4.11. UV-vis characterization for [Co2(pin
F)2(THF)4)] (34). 
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Figure 4.12. Comparison of d−d bands for [(Ph3P)2Ni(OC4F9)2], (26), 
[(Ph3PO)2Ni(OC4F9)2] (30), and [(Ph3P)2Ni(pin
F)] (32) in Et2O. 
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Figure 4.13. LMCT characterization for [(Ph3P)2Ni(OC4F9)2] (26). 
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Figure 4.14. LMCT characterization for [(Ph3PO)2Ni(OC4F9)2] (30). 
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Figure 4.15. LMCT characterization for [(Ph3P)2Ni(pin
F)] (32). 
 
 
 
0
10000
20000
30000
40000
50000
60000
200 250 300 350 400
ε
(M
-1
c
m
-1
)
Wavelength (nm)
250 
 
 
For ZnII complexes 27 and 33, a charge transfer band consistent with the other complexes 
in this series was detected and no d−d bands were observed, as expected for a d10 complex 
(Figure 4.16 and Figure 4.17). 
  
      
 
 
Figure 4.16. UV-vis characterization for [(Ph3P)2Zn(OC4F9)2] (27). 
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Figure 4.17. UV-vis characterization for [(Ph3P)2Zn(pin
F)] (33). 
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Table 4.4. Summary of magnetic moment and 4 values for complexes 24 - 34. 
Complex eff so 4 
24 4.48(4) 4.90 0.81 
25 4.0(1) 3.88 −[b] 
26 3.27(8) 2.83 0.83 
27 −[a] 0 0.88244 
28 4.67(7) 4.90 −[b] 
29 4.2(1) 4.90 0.79 
30 3.07(8) 2.83 0.73 
31 4.2(3) 3.88 0.78 
32 −[a] 0 0.10 
33 −[a] 0 0.83 
34 3.07(5) 3.88 −[b] 
a Diamagnetic. 
b No structural data. 
 
 
Solution-state magnetism was evaluated using the Evans method273, 274 on all 
complexes except diamagnetic complexes, including ZnII-containing 27 and 33, and square 
planar NiII, 32. These values, along with predicted so and previously discussed 4 values, 
can be found in Table 4.4. The eff values are unitless, despite being frequently reported in 
units of Bohr magneton.285, 286 FeII complexes 24, 28, and 29 have eff values lower than 
both the spin-only predicted magnetic moment of 4.90, perhaps due to distortions from 
purely tetrahedral geometry. For for NiII complexes 26 and 30, the measured eff values are 
higher than the predicted so.  
CoII complexes 25 and 31 have eff values that are slightly higher than the spin-only 
magnetic moment. The five-coordinate CoII dimer 34 has a eff value lower than the 
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predicted so value for a high spin d7 metal center, likely due to antiferromagnetic coupling 
between the two Co atoms. 
Interestingly, when 26 was cooled to −80 °C in THF, the purple solution turned a pale 
peach color, and the process was reversed by warming back to room temperature. This 
phenomenon was not observed in related NiII complexes 30 and 32. To evaluate this unique 
behavior of 26 further, the change in chromophores was probed between −80 °C and room 
temperature. Time-dependent measurements were taken to evaluate changes in 
chromophores upon cooling to −80 °C (Figure 4.18). In THF, there were two visible 
transitions, at 454 nm and 554 nm, along with a shoulder at 356 nm (black trace). Upon 
cooling to low temperature over 10 min, the feature at 454 nm grew by 16.9% into a slightly 
blue-shifted feature at 448 nm with a shoulder at 425 nm. Meanwhile, the feature at 554 
nm decayed by 58.1% to 546 nm, again slightly blue-shifted.  
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Figure 4.18. [(Ph3P)2Ni(OC4F9)2] (26) in THF starting at room temperature (black), 
cooled to −80 °C over 10 minutes (green). 
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This phenomenon was shown to be reversible, as temperature dependent measurements 
were taken at 20 °C intervals back up to 0 °C, during which the chromophores reversed to 
their initial values and peak shape (Figure 4.19). Comparing spectrum before (solid black 
trace in Figure 4.18) and after (dotted trace in Figure 4.18), the chromophore changes are 
mostly reversible, with the spectra revealing a slight decay: at 554 nm, there is 81% 
reversibility while at 454 nm, 94% reversibility (3 nm blue-shift to 451 nm after).  
  
      
 
 
Figure 4.19. Starting at −80 °C, complex 26 was observed spectroscopically while 
warmed at 20 °C intervals, up to 0 °C. This experiment shows that there is reversibility 
in this phenomenon, as 26 returns to expected transitions at warmer temperatures. 
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In order to further investigate the electronic structure of the low temperature species, 
Evans method experiments273, 274 were performed in d8-THF spiked with 
hexamethyldisiloxane (HMDSO) at room temperature, −80 °C, and −100 °C. These NMR 
studies were performed by Dr. Clemens Anklin at Bruker BioSpin (Billerica, 
Massachusetts). At room temperature, the eff is 3.19(4), which was consistent with the 
aforementioned measurement in CD3CN (Table 4.4). At −80 °C, the sample internal 
HMDSO peak shifted to a more negative value, indicating an even more paramagnetic NiII 
center, corresponding with a eff value of 4.30(4), assuming there is no compositional 
change. This shift was even larger at a lower temperature of −100 °C, corresponding with 
eff of 4.59 (one measurement at this temperature) (Figure 4.20). These low temperature 
eff values were both slightly higher than typically observed,287 but the values were still 
consistent with ~ Td d
8 NiII. Notably, the Evans method measurements before and after the 
experiment were identical (Figure 4.21). 
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Figure 4.20. 1H NMR of 26 at −100 °C, −80 °C, and 25 °C, respectively. Note that 
compared to external HMDSO peak (referenced to 0.07 ppm), internal HMDSO peak 
shifts more with decreasing temperature, indicating a geometry shift at the NiII center. 
These values correspond with increasing eff values. 
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Figure 4.21. 1H NMR of 26 showing internal HMDSO shift before and after cooling to 
low temperatures in an LPV NMR tube. In both cases, δ= −0.31 ppm (vs. external 
HMDSO at 0.07 ppm), showing that low temperature behavior of 26 is fully reversible.  
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Variable-temperature 31P NMR measurements were also performed. Free PPh3 has a 
singlet at −5 ppm.288 At room temperature, the 31P spectrum for 26 revealed a broad feature 
at −5.55 ppm, which at −80 °C, shifted to −8.12 ppm and changed to a sharp singlet. At 
−100 °C, this peak shifted further negative to −8.64 ppm (Figure 4.22). These changes 
indicate a subtle change in phosphorus environment. Since there was only one slightly 
shifted phosphine peak at low temperature, the PPh3 groups likely have the same 
environment, remaining coordinated to the NiII center.  
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Figure 4.22. 31P NMR showing 26 at −100 °C (sharp feature at −8.64 ppm), −80 °C, 
(sharp feature at −8.12 ppm) and 25 °C (broad feature at −5.55 ppm), respectively. Note 
that the phosphine peak shifts more into the negative with decreasing temperature. Peak 
shape is also sharper at lower temperature, compared to a broad feature at room 
temperature. 
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The combined variable-temperature UV-vis, magnetism, and 31P NMR measurements 
indicate a change to the environment of the NiII center. At low temperature, 26 is proposed 
to be a less distorted tetrahedral structure, whereas the room temperature structure moved 
closer to square planar, as seen in both 32 and the aforementioned previously characterized 
[(Ph3P)2Ni(OAr)2] complexes (Scheme 4.3).
284 This equilibrium was limited by the steric 
bulk of both PPh3 and OC4F9 ligands. As shown in the above experiments, this equilibrium 
was reversible, with Td being favored at low temperature, whereas D4h was favored at room 
temperature. A similar equilibrium has been documented in Ni(PPh3)2Cl2, which can either 
be crystallized as tetrahedral or square planar depending on solvent used for 
recrystallization.289, 290 The weak coordination of THF was also considered to be occurring 
at low temperature; however, considering the large steric bulk of the ligands, particularly 
the fluorinated OC4F9 ligands, this possibility is unlikely. 
Although the electronic spectrum appeared to show a slight decay in 26 before and after 
cooling (as previously described in Figure 4.18), the Evans method measurements before 
and after the experiments were identical (Figure 4.21), confirming reversibility, or that the 
method is not sensitive to structural deviations or changes. Therefore, this discrepancy 
between the two electronic spectra was attributed to a slight leak in the septum-sealed 
cuvette due to the small vacuum created by decreased temperature. Additionally, this 
equilibrium hypothesis is further supported by 31P NMR, which suggests that both PPh3 
ligands maintain the same environment regardless of temperature. 
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Scheme 4.3. When 26 is cooled in THF, the dynamic equilibrium is proposed to shift 
from ~D4h to ~Td, which is reversible with temperature.  
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4.3.4. Complex Reactivity with O2 
There are multiple unknowns in the reactivity that might be observed between O2 and 
these new heteroleptic fluorinated alkoxide complexes, including (i) possible oxidation of 
PPh3, (ii) whether any OPPh3 formed will bind, (iii) the stoichiometry of any {Mn−Oy} 
intermediates, and (iv) type of intermolecular substrate oxidation observed.  
As seen in our {Cun−O2} work, PPh3 coordinated to CuI was stoichiometrically 
oxidized upon addition of O2 and did not associate with the {Cun−O2} intermediate 
afterwards. However, this might not be the case for these new studies, as OPPh3 could also 
coordinate back to Fe after oxidation, or PPh3 could simply dissociate. 
The presence of two PPh3 ligands in the coordination sphere may allow PPh3 to be 
oxidized and dissociate, encouraging facile reduction of O2 by the low coordination metal 
centers left behind. In order to assess the ability of PPh3 to serve as a leaving group in this 
way, several complexes were evaluated for reactivity with O2. Complexes in this series 
with FeII, CoII, and NiII metal centers were screened for their abilities to reduce O2. This 
screening allowed for evaluation of differences in reactivity influenced by factors including 
metal center, monodentate versus bidentate ligand coordination, and presence of reactive 
PPh3 versus non-reactive OPPh3 or DME. 
A control reaction with ZnII complex 27 was first performed by exposing a THF 
solution of 27 to O2. A small amount (4%) of OPPh3 was present in the starting reaction, 
likely due to a small impurity. After analysis by 1H NMR, the spectrum was identical to 
that of the material before O2 exposure, confirming that this complex did not react with O2.  
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4.3.4.1. FeII Complex Reactivity with O2 
As previously mentioned, when FeII is exposed to O2 in non-heme complexes, product 
oxidation states are typically FeIII, and Fe coordination numbers are typically five to six.227, 
228 The typical electronic structure of mononuclear intermediates includes {FeIII(2-O2)} 
peroxo and –superoxo species, as well as FeIV and FeV-oxo moieties, whereas that of diiron 
intermediates are {FeIII2(-1:1-O2)} peroxo, {FeIIFeIII(-1:2-O2)} superoxo, 
{FeIV2((2-O)2}, and {FeIIIFeIV(2-O)2}.227, 251  
The Fe complexes in this series were first evaluated due to the observed air-sensitivity 
of 24 and 29. When 24 was exposed to O2 at −78 °C in THF, a yellow-orange species 
formed that demonstrated negligible reactivity with H2Q and PPh3. Upon warming to room 
temperature, a clear orange color persisted. 
Reactivity of 24 with O2 was evaluated by UV-vis spectroscopy (Figure 4.23). Before 
O2 addition, 24 had an initial LMCT band at 262 nm. At −80 C, O2 was bubbled in for 1 
min, and then the solution was monitored spectroscopically every 7 minutes until the 
spectrum stopped changing. As seen in Figure 4.23, the LMCT band blue-shifted slightly 
with each measurement, resulting in a broad chromophore at 241 nm. Upon warming the 
reaction to room temperature, this chromophore persisted, with a 20.3% decay determined 
by a decrease in absorbance, as shown with the dashed line in Figure 4.23.  
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Figure 4.23. Reactivity of 0.0165 mM 24 in THF with O2 over 28 minutes at −80 °C, 
and after reactivity at room temperature. At 28 minutes, λmax = 241 nm, and the same 
wavelength is maintained upon warming to room temperature. 
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After concentration, the resulting species was a dark orange oil. Stirring this oil in 
hexanes and triturating resulted in an orange powder. About half of this product dissolved 
into Et2O and was layered with hexanes, to afford small orange crystals. The remaining 
yellow-orange solids were insoluble in the above organic solvents and THF. 
Single crystal X-ray diffraction analysis revealed the identity of this Et2O-soluble 
product to be [(F9C4O)2(Ph3PO)Fe(2-O)Fe(OPPh3)(OC4F9)2] (36) (Figure 4.24). Two 
distorted tetrahedral FeIII centers, each bound to two OC4F9 groups and one OPPh3 ligand, 
are bridged by O2-. The presence of OPPh3 revealed that at least one PPh3 ligand from 24 
was oxidized by O2 per Fe
III in 36, and this resulting OPPh3 again coordinated to the Fe 
centers.  
Full crystallographic data collection parameters are in Table 4.1 and selected distances 
and angles are in Table 4.5. The Fe--O distance is 1.7553(7) Å. Fe is a slightly distorted 
tetrahedral center, with a τ4 value of 0.92. The Fe−O−Fe angle is crystallographically 
constrained to be linear. When looking along the axis of the Fe−O−Fe bond, the ligands 
around the Fe center are in a staggered conformation, which is to be expected due to steric 
bulk. 
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Figure 4.24. ORTEP diagram of 36. Hydrogen and fluorine atoms were omitted for 
clarity. Ellipsoids are shown at the 50% probability level. 
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Table 4.5. Selected distances and angles of 36. 
 Distance (Å)  Angle (°) 
Fe−O(1) 1.923(4) O(1)−Fe−O(2) 103.91(17) 
Fe−O(2) 1.866(4) O(1)−Fe−O(3) 104.38(17) 
Fe−O(3) 1.864(4) O(1)−Fe−O(007) 109.10(12) 
Fe−O(007) 1.7553 O(2)−Fe−O(3) 107.5(2) 
  O(2)−Fe−O(007) 115.54(16) 
  O(3)−Fe−O(007) 115.29(12) 
  Fe−O(007)−Fei 180 
 
 
Compound 36 has a distinct sharp feature at 261 nm, and two shoulders at 222 nm and 
340 nm when evaluated by UV-vis (Figure 4.25). The LMCT feature at 261 nm is 
consistent with those observed in 24 - 34. The solution state magnetic susceptibility, eff, 
is 2.0(1), significantly lower than the spin-only predicted value for an FeIII high spin 
tetrahedral complex of 5.92, likely due to antiferromagnetic coupling through the −O 
moiety. This Fe −(-O)−Fe moiety has been widely reported and has been reviewed.291  
Seven other related complexes have a four-coordinate Fe dimer bridged by an oxo 
group. From these complexes, the average distance is 1.78(1) Å, revealing that this distance 
in 36 is unremarkable. Out of these, only two have a linear Fe−O−Fe central angle. One of 
these complexes, {K(18C6)}2[(OAr
F)3Fe(2-O)Fe(OArF)3], has two FeII centers which are 
surrounded by OC6F5 ligands and has two identical Fe−(-O) distances of 1.763 Å, 
comparable to 36.47 The other complex, {(HNEt3)2[Fe(L)(2-O)Fe(L)]}, in which L is the 
triphenylamine-based 2,2′,2″-nitrilotribenzoic acid, has two FeIII centers each coordinated 
to three carboxylate groups of a tridentate triphenylamine ligand.292 Structurally, there are 
two identical Fe−(2-O) distances of 1.769 Å, again similar to 36. Compared to 36, in 
269 
 
 
which the source of the bridging oxo is likely O2, the presence of a bridging oxo unit in 
both of these complexes is proposed to be a result of the presence of trace H2O in the 
reaction.47, 292 The remaining five complexes have bent Fe−(-O)−Fe angles ranging from 
133.3° to 177.36°.293-296  
  
       
Figure 4.25. UV-vis of [(F9C4O)2(Ph3PO)Fe(2-O)Fe(OPPh3)(OC4F9)2] (36) in Et2O.  
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In the reaction of 24 with O2, PPh3 proved to be a successful leaving group, with at 
least one equivalent per Fe in 36 oxidized when O2 is introduced into the reaction solution. 
Previously, addition of OPPh3 was found to extend the lifetime of -peroxo-FeIIIFeIII 
moiety in multidentate N/O donor species [(NEt-hptb)Fe2(-1,2-O2)(OPPh3)2][BF4]3, 
allowing a crystal structure to be obtained.297 As in this example, OPPh3 may have also 
allowed the stabilization of oxidized product 36.  
Since OPPh3 was found to coordinate to the Fe center in 36, further reactivity was 
explored with complexes with alternative redox inactive L-donor groups, namely, 
[(DME)Fe(OC4F9)2], 28 and [(Ph3PO)2Fe(OC4F9)2], 29. At −78 °C, when O2 was 
introduced directly into solution for 1 min, a pale yellow chromophore was quickly 
observed, labeled as 28-O2 and 29-O2, respectively. Visible transitions corresponding to 
strong LMCT bands were nearly identical for both of these solutions 5 min after O2 
introduction, extending to 500 nm, suggesting that these yellow solutions are similar 
species (Figure 4.26). Over 25 min following O2 introduction, in both cases, this 
chromophore broadened and red-shifted and then persisted at room temperature. Again, 
comparing LMCT bands in the visible region, these spectra were nearly identical, 
absorbing in the range 500 - 550 nm (Figure 4.27). Additionally, these bands were different 
than those of 24 with O2, suggesting different reactivity occurred in 28 and 29 influenced 
by lack of ligand oxidation (OPPh3 or DME), or that the different L-donor ligand sets 
altered the Fe energy levels in the same way. Attempts to identify the final oxidized 
products of 28 and 29 analogous to 36 were unsuccessful, but comparable observations to 
that of 24 suggest oxidation to FeIII occurred.  
271 
 
 
  
     
  
 
Figure 4.26. Comparison of LMCT features in the visible region for Fe complexes 28 
and 29 5 min after introduction to O2 (which was bubbled directly into solution for 1 
min) in THF at −80 °C. 
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Figure 4.27. Comparison of LMCT bands in the visible region for Fe complexes 24, 
28, and 29 at 25 min after introduction of O2 in THF at −80 °C. 
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Comparing the LMCT bands that extend into the visible region with those of 24 after 
exposure to O2 at room temperature, 28 and 29 were less broad, but all three extend to 
around 600 nm (Figure 4.28). This suggests that the final oxidized products may be similar 
in all cases. While all solutions appear to be homogeneous by eye, it is possible that micro-
precipitates may be forming upon warming to room temperature. 
  
      
 
Figure 4.28. Comparison of LMCT bands in the visible region for Fe complexes 24, 
28 and 29 after introduction of O2 in THF at −80 °C followed by warming to room 
temperature. 
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Since a potentially reactive intermediate was observed for reaction of both 28 and 29 
with O2, substrate oxidation reactivity was explored (Table 4.6). Possible oxidase reactivity 
was investigated using hydroquinone (H2Q), previously used in oxidase reactions with 
{Cu3O2}
3- species.65, 85 When 10 eq of H2Q were added to the yellow intermediate 28-O2 
at –78 C, a dark solution was observed, which when warmed to room temperature was a 
clear solution with black precipitate. After quenching with HCl and extracting into Et2O, 
1H NMR studies revealed stoichiometric oxidation of H2Q, with an average TON of 1.0(1) 
(per Fe). Similar observations were made for H2Q oxidation by 29-O2, with an average 
TON of 1.2(1), as summarized in Table 4.7. A control experiment with Fe(OTf)2 shows 
that this FeII complex can sub-stoichiometrically oxidize H2Q after identical exposure to 
O2, with a TON of 0.1, substantially less than 28-O2 and 29-O2. Additionally, a control was 
run with 36 in order to evaluate possible H2Q oxidation with Fe
III. This reaction was run 
by first oxygenating 24 to make 36, and the control proceeded with crude material for the 
substrate analysis. No BQ was detected, confirming that this solution did not perform 
oxidase catalysis; however, the recovered yield of H2Q was lower than expected (45%), 
suggesting that some additional unknown reactivity may have occurred. 
Thioanisole (PhSMe) was used to probe oxygen atom transfer (OAT) capabilities.228, 
298-301 When 5 eq of PhSMe were added to 28-O2 at –78 C, the solution remained a pale 
yellow over 30 min. Upon warming the reaction flask to room temperature, the solution 
appeared the same by eye as spectroscopic samples, yellow-orange. After quenching with 
HCl and removing THF, the organic materials were extracted into CH2Cl2. 
1H NMR studies 
revealed that there was sub-stoichiometric conversion of PhSMe to methyl phenyl 
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sulfoxide at 7.0%, with 22% PhSMe recovered. Low PhSMe recovery was attributed to 
PhSMe lost during concentration steps in work-up. Studies of 29-O2 led to similar 
observations, and when evaluated by 1H NMR, demonstrated 19% sub-stoichiometric 
conversion to the sulfoxide, with 43% of PhSMe recovered. 
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Table 4.6. Summary of substrate oxidation reactions in THF at −78 °C with 5 mM FeII, 
with Fe(OTf)2 and 36 included as control reactions. 
Fe Source Substrate Fe 
(equiv) 
Initial 
substrate 
(equiv) 
Recovered 
substrate 
(equiv) 
Oxidized 
product 
(equiv) 
TON  
(per 1 eq 
Fe) 
28 H2Q 1.0 10.0 5.0 1.0 1.0 
29 H2Q 1.0 10.0 4.2 1.2 1.2 
Fe(OTf)2 H2Q 1.0 10.1 6.1 0.1 0.1 
36[a] H2Q 1.0 10.2 4.7 0 0 
28 PhSMe 1.0 5.0 1.1 0.1 0.1 
29 PhSMe 1.0 5.0 2.2 0.2 0.2 
[a] 36 run as control to evaluate reactivity of FeIII with H2Q. 36 used was crude material, 
produced by oxygenating 24 with O2 at −78 °C, then warming to room temperature. 
The solution was cooled back down to −78 °C, and reaction conditions matched the 
other experiments. 
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Table 4.7. Catalytic H2Q oxidation to BQ by 28-O2 and 29-O2 in THF at −78°C. 
Complex [Fe] 
[mM] 
Fe 
[equiv] 
Initial H2Q 
[equiv] 
Recovered 
H2Q 
[equiv] 
Final BQ 
[equiv] 
% 
Recovered 
(H2Q + 
BQ) 
TON 
(per 1 eq 
Fe) 
28 5.00[a] 1.00 10.02 4.93 0.90 58 0.9 
28 5.00[a] 1.00 10.00 5.02 1.00 60 1.0 
29 5.00[a] 1.00 10.02 4.94 1.24 62 1.2 
29 5.00[a] 1.00 10.03 3.68 1.23 49 1.2 
29 5.00[a] 1.00 10.20 4.09 1.12 51 1.1 
Fe(OTf)2 5.00[b] 1.00 10.11 6.11 0.12 62 0.1 
36 2.50[c] 1.00 10.24 45.4 0 45 0 
None 5.00[d] 0.00 10.00 8.90 0 88 0 
KOC4F9 
(5 mM) 
5.00[d] 0.00 10.00 9.95 0 96 0 
[a] Substrate reactions with 28-O2 and 29-O2 oxidizing H2Q to BQ. Initial H2Q based on FeII, and final H2Q and BQ 
based on initial H2Q, determined by quantitative 1H NMR. TON based on 1 eq Fe. 
[b] Fe(OTf)2 generated in situ by reacting FeCl2 with 2 eq TlOTf, filtering off resulting TlCl, and diluting FeII solution 
to 5 mM. Reaction then proceeded as in [a]. 
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[c] 36 run as control to evaluate reactivity of FeIII with H2Q. 36 used was crude material, produced by oxygenating 5 
mM 24 with O2 at −78 °C, then warming to room temperature. The solution was cooled back down to −78 °C, and 
reaction proceeded as normal. 
[d] Control reactions to confirm that H2Q did not react with O2 or alkoxide under identical reaction conditions. Because 
not separating out paramagnetic FeII, work-up involved simply concentrated reaction and adding DMSO as internal 
standard. Thus, recovered H2Q% is higher. 
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Both 28-O2 and 29-O2 were unreactive with 9-fluorenol, a possible hydrogen atom 
transfer (HAT) substrate. Possible aromatic C−H hydroxylation or C−C coupling were 
evaluated by introduction of sodium 2,4-di-tert-butylphenolate, DBP, to 29-O2. This 
reaction was followed by warming to room temperature, quenching with HCl, removing 
THF, extraction of product into CH2Cl2, and product evaluation by 
1H NMR. However, the 
resulting spectrum showed no clear evidence for either oxidation. 
The low yields in intermolecular oxidation reactivity and short lifetimes suggest that 
both 28-O2 and 29-O2 could be {Fen−Oy} reactive species, if at all, but react preferentially 
with solvent (THF) under these conditions. To identify reactive species 28-O2 and 29-O2, 
reaction conditions must be optimized. FeII precursor complexes 24, 28, and 29 are neutral 
species, not stabilized by cation…F/O interactions. Our work investigating CuI alkoxide 
complexes has shown that the availability of these interactions influences the ability of CuI 
to reduce O2, and so this concept could be extended to this series.
63 Previous {Fen−Oy} 
investigations showed that these intermediates have coordination numbers of five and 
six,227, 228 so these {M(ORF)2} complexes may be too under-coordinated to stabilize such 
an intermediate. Further investigation could include different solvents, lower temperatures, 
and change in phosphine stoichiometry and identity. Incorporation of a cation could also 
be considered, either through complex redesign or addition of a salt with a non-
coordinating anion. 
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4.3.4.2. CoII- and NiII Complex Reactivity with O2 
O2 reactivity with Fe complexes 24, 28, and 29 revealed the success in using an L-
donor ligand as a protecting group, likely forming the low-coordinate {M(OR)2} fragments 
under inert conditions for at least a short time. As a result, CoII and NiII complexes of this 
series were also investigated for O2 reactivity. 
CoII complex 25 showed no reactivity with O2 at –78 C or room temperature. Since 
25 did not exhibit O2 reactivity, reduction to Co
I was attempted by combining 25 with 
cobaltocene, [Cp2Co], in THF, which led to a dark green solution. Recrystallization 
afforded green crystals suitable for X-ray analysis, but were found to be 
[Cp2Co][Co(OC4F9)3(THF)],
302 and thus was deposited to the CSD. This product revealed 
that a reduced CoI complex was unstable in this ligand environment and rearranged, losing 
PPh3 in the process. This complex is the [Cp2Co]
+ version of the previously published 
{K(18C6)}[Co(OC4F9)3(THF)]}.
50  
To evaluate the effect of the ligand on O2 addition, Co-containing 31 was evaluated in 
CH2Cl2, since exposure of 31 to THF results in rearrangement into 34. Unlike 25, 31 turned 
from a bright blue to a pale blue, indicating that less steric bulk may allow reduction of O2, 
likely by oxidation of PPh3. Investigation by UV-vis spectroscopy revealed that upon 
exposure to O2 at –80 C, the initial chromophores at 585 nm and 638 nm remained the 
same, with the feature at 585 nm slightly decreasing in intensity while that at 638 nm 
slightly increasing (Figure 4.29). Upon warming the solution to room temperature, a 
significant drop in absorbance units (~0.8) was observed, with a new feature observed at 
611 nm and shoulders at 540 and 660 nm. No oxidized species were able to be identified.  
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Figure 4.29. [(Ph3P)2Co(pin
F)] (31) in CH2Cl2 (black) after O2 introduction at −80 °C 
(red) followed by warming to room temperature (blue). 
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In inorganic complexes, NiII is known to be largely air-stable, and reduction of O2 alone 
to reach NiIII is unusual.266, 303, 304 This oxidation becomes more favorable when NiII has 
electron-rich ligands, which are able to lower the redox potential.270 Surprisingly, when 
NiII-containing 26 was exposed to O2 in THF at room temperature, the color slowly 
changed to pale green over 10 - 15 minutes. UV-vis studies revealed the disappearance of 
chromophores for 26 and the growth of a distinct feature at 452 nm and a broad feature at 
700 nm (Figure 4.30). After concentration and trituration, a green and white powder 
remained. The white powder was extracted into Et2O, and then evaluated by 
1H NMR. The 
powder was shown to consist of PPh3 recovered at 57.8%, as well as OPPh3, recovered at 
15.4%. The green material was unable to be identified, and likely contained the remaining 
PPh3 and/or OPPh3. There was no evidence that Ni
II was oxidized. Oxidation of NiII by O2 
is unusual, as discussed above, but would have to be investigated further to confirm.  
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Figure 4.30. [(Ph3P)2Ni(OC4F9)2] (26) in THF at room temperature before O2, and after 
O2 was bubbled in over 15 minutes. 
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When 26 was cooled to −80 °C, the solution turned from purple to peach-pink, as 
previously discussed, and when O2 was introduced, the solution turned yellow, 
characterized by broad visible chromophores at 451 and 544 nm (Figure 4.31). After 
warming to room temperature, the yellow color persisted, distinct from the oxidized 
product of exposure of 26 to O2 at room temperature. The concentrated species was oily 
and was unable to be crystallized or identified. UV-vis spectroscopy studies were 
performed to evaluate reactivity of 26 with O2 under both room temperature and low 
temperature conditions, confirming spectroscopic differences (Figures 4.30 and 4.31). 
There are two possibilities: (1) differences in symmetry of 26 effects different products 
upon O2 reduction; or (2) like 26, the products of the oxidation reaction could have 
chromophores sensitive to symmetry changes. 
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Figure 4.31. [(Ph3P)2Ni(OC4F9)2] (26) in THF at −80 °C before O2 and after O2 was 
bubbled in over 15 minutes. 
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The Ni-pinF-containing 32 also turned pale green when exposed to O2, suggesting that 
a similar reaction happens to that of 26, possibly due to similar NiIII/II redox potentials in 
both 26 and 32.275 Also, the formation of a pale green oxidized product upon addition of 
O2 in both 26 and 32 suggests that fluorinated ligand cone angle does not affect product 
formation, as opposed to the CoII complexes. 
Overall, the O2 reactivity of nearly all complexes in this series reveals that PPh3 can 
effectively fill the coordination sphere of fluorinated alkoxide complexes in an inert 
environment. Upon addition of O2, these ligands either leave or are oxidized and dissociate, 
resulting in lower coordination numbers at the metal center that may promote reduction of 
O2. Additional studies are required to understand the fate of PPh3, as well as possible 
formation of a {Mn−Oy} core. Substituting PPh3 on FeII with non-reactive DME (28) or 
OPPh3 (29) resulted in observation of a distinct possible reactive species immediately upon 
O2 addition that was unable to be stabilized. However, simple oxidation of Fe
II to FeIII has 
not yet been disproven. While O2 reactivity is also observed in Co
II-containing 31 and NiII-
containing 26 and 32, it is unknown whether solely PPh3 is oxidized and the 3d center 
rearranges, or if the 3d center also reduced O2. 
Further work to characterize reactive species must be performed, through either 
addition of a cation source to add potentially stabilizing cation…F/O interactions, or 
through complex redesign, through the incorporation of a cation and/or having only one 
phosphine group, as described above.  
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4.4. Conclusions 
In order to assess the efficacy of phosphine as a protecting group for low coordinate 
fluorinated {M(OR)2} fragments, in oxidation reactions with O2, a series of heteroleptic 
[L2M(OR)2] complexes with 3d metal centers was synthesized. The synthesis of these 
complexes was straightforward, resulting in complexes with largely unexceptional 
geometries and electronic structures. The NiII complex [(Ph3P)2Ni(OC4F9)2], 26, had 
unique electronic structure behavior, with quasi D4h structure at room temperature, and 
quasi Td structure at low temperature. The related complex [(Ph3P)2Ni(pin
F)], 32, had a 
square planar geometry, due to less steric hindrance of the pinF ligand compared to that of 
the OC4F9 ligand.  
This series of complexes was then evaluated for reactivity with O2. Oxidized product 
36, [(F9C4O)2(Ph3PO)Fe
III(2-O)FeIII(OPPh3)(OC4F9)2], was identified from oxidation of 
[(Ph3P)2Fe(OC4F9)2]. When related Fe
II complexes 28 and 29 were evaluated, short-lived 
pale yellow intermediates were identified, which were able to perform stoichiometric 
oxidase conversion of hydroquinone to benzoquinone, and sub-stoichiometric OAT in the 
oxidation of thioanisole to methyl phenyl sulfoxide. When the CoII complexes were 
evaluated, the [(Ph3P)2Co(OC4F9)2] complex, 25, did not react, whereas the 
[(Ph3P)2Co(pin
F)] complex, 31, changed color. This difference in reactivity could be due 
to the pinF ligand affecting sterics and/or redox activity of the CoII center, which will be 
explored in the future. Interestingly, both NiII complexes 26 and 32 have similar reactivity 
with O2 despite having different geometries. This suggests that either redox behavior of the 
NiII may be the same, or that differences in cone angle between OC4F9 and pin
F do not 
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affect O2 reactivity. Future work will include further exploration of differences in Co
II 
reactivity with O2, as well as efforts to stabilize {Mn−Oy} intermediates that can perform 
substrate intermolecular oxidation. 
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